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Abstract 
The cytoskeleton (CSK) is the structural basis of eukaryotic cells, and resists 
deformation that is induced by external loadings. The microfilament, intermediate 
filament and microtubule are the three principal elements of the cytoskeleton. 
Among these three cytoskeleton components, microfilament is also found in non-
muscle cells, indicating that the mechanical behaviour of microfilaments can regulate 
cellular changes and force generation in cell migration and division. Therefore, the 
physical responses of F-actin CSK to external forces or stimuli are significant to the 
understanding of actin-related cellular processes. 
In order to explain physical mechanisms of biophysical responses of F-actin 
CSK under external mechanical inputs, we have validated the suitability of using 
continuum mechanics modelling in representing the physical behaviours of F-actin 
CSK. Molecular characterisation of vibration properties of single filamentous actin 
(F-actin) was performed to obtain the mechanical vibration properties of single F-
actin filaments up to 300nm. It has been found that, only when the length of F-actin 
filament is larger than 100nm, a beam model can be used to represent the behaviour 
of F-actin filament.  
In order to overcome the difficulties of using continuum mechanics model for 
F-actin CSK, a highly coarse-grained (CG) model has been developed based on the 
hierarchical structures of F-actin. The physical interactions between adjacent 
globular actin (G-actin) monomers were obtained from the molecular dynamics 
simulations. The accuracy of this CG model in the prediction of F-actin deformation 
was validated by previous experimental results of the tensile behaviour of single F-
actin filaments and vibrational theories. 
In addition to the mechanical deformation prediction, this multiscale model 
underestimates the thermodynamic vibration of G-actins, which can weaken the 
ability of materials to overcome local energy traps in granular modelling. We have 
further developed a new stochastic thermostat algorithm for this highly coarse-
grained (CG) model to fully represent the thermodynamic properties of 
microfilaments.  
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Based on the multiscale model of F-actin CSK developed in this research, we 
have investigated the mechanical responses in F-actin CSK with respect to external 
loadings and studied the interaction between actin and carbon materials.  
This thesis reveals that the stability of filopodial protrusions is dependent on 
the density of F-actin crosslinkers. This cross-linkage strategy is a requirement for 
the optimisation of cell structures, resulting in the provision and maintenance of 
adequate bending stiffness and buckling resistance while mediating any vibration.  
This multiscale modelling approach has been employed to study the 
mechanisms of compressive responses of F-actin CSK. It was found that the 
compressive response of F-actin CSK depends on the loading velocity. This research 
also theoretically validates the crucial role that transient crosslinker unbinding plays 
in the rheological properties of F-actin CSK. Coupled with F-actin elasticity, the 
energy dissipation was found to be more significant in bundled F-actin CSK.  
Another application of this multiscale method is to study the mechanisms of 
muscular contraction. It was found that the number of myosin II motors can 
sensitively mediate the contraction force during muscular contraction. However, this 
force cannot be infinitely increased with the number of motor elements, which 
matches the self-protective properties of living cells. 
Besides the mechanical deformation modelling of F-actin CSK, this thesis also 
conducted atomic modelling to investigate the interaction between actin and a newly 
developed single layer carbon material (graphene). The charge properties of 
graphene can dramatically change its adhesive properties on G-actin, thereby 
explaining the previous findings on graphene localising on F-actin. 
In this project, a CG model was developed for F-actin CSK based on the 
multiscale concept, to overcome the difficulties of physical modelling of F-actin 
CSK in conventional continuum mechanics modelling and the computational 
challenges in all-atom molecular dynamics simulation. The thermostat algorithm was 
modified in this method to better predict the thermodynamic properties of F-actin 
CSK. This multiscale method framework has been applied to explain the physical 
mechanisms of F-actin CSK responses to external load and materials. 
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 Chapter 1: Introduction 3 
Mechanical deformation is one of the most primitive signalling activities, that 
is fundamental to life and multicellular systems [1]. In biological systems, cells are 
the functional units in various dynamic physiological behaviours. It is critical to 
understand the behaviours of living cells with respects to the primary mechanical 
stimuli. In living cells, F-actin network is one of the principal components of 
cytoskeleton (CSK) which plays significant role in the remodelling of cellular 
structures in response to external mechanical stimuli. In this thesis, because of the 
difficulties of in vitro experimental characterization of F-actin CSK and the massive 
computational cost of full atom molecular simulation at nanoscale, a framework for 
the multiscale granular modelling of F-actin CSK has been developed. This enables 
the capturing of the mechanical events occurring in living cells when exposed to 
mechanical stimuli. The model was validated with the experiment results from the 
literature and applied to understand various static and dynamical characteristics of F-
actin CSK under various mechanical constrains. 
1.1 BACKGROUND 
Cells are the functional units of living organs in various dynamic physiological 
behaviours. The difference between cell performance and behaviours of non-
biological materials lies in their biological activities [2]. Normally, the size of 
eukaryotic cells is microscopic, such as osteoblasts, preosteoblasts, chondrocytes and 
fibroblast [3], rendering it difficult to create a universal mechanical constitutive 
models for living cell structures [4, 5]. A living cell is not a continuum material, but 
a mysterious system that consist of tremendous elaborated organelles [6]. These non-
contiguous cell structures and biological fluids surrounding them make the 
continuum mechanical model inadequate to capture complete mechanical properties 
of living cells. Several biphasic mechanics models were proposed to understand the 
mechanics of cells based on cell aspiration experiments [7]. However, the 
mechanisms underlying such complex biphasic model is still partly unknown as the 
cell structures and components are dynamically changing in physiological activities. 
It is crucial to understand the mechanical behaviour of living cells based on the 
cellular structures at the microscale level. The cytoskeleton(CSK) is the material 
foundation of living cells that experiences mechanical inputs from its surrounding 
living environments and which in response induces the cellular dynamics underlying 
biological activities [8, 9]. The CSK consists of three principal components: 
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intermediate filaments (IFs), microtubule and microfilaments networks. These three 
biological filaments collaborate in living cells to provide the mechanical strength and 
material foundation of various cellular activities. Among these three components, 
microfilament network consists of abundant F-actin and actin-related proteins, which 
perform as the structural foundation in cellular dynamics [10]. The F-actin CSK 
plays significant role in the dynamic responses of living cells and the remodelling of 
cellular morphology in mechanical environments. As a large number of proteins are 
involved in the biological behaviours of F-actin CSK, it is necessary to understand 
the mechanical response of F-actin CSK from interdisciplinary viewpoints, such as 
mechanics, biology, physics and chemistry. Moreover, the mechanical response of F-
actin CSK is dominated by the dynamics of protein in living cells that is up to 
nanoscale level, cross-scales study is necessary to bridge the gap between microscale 
mechanics and nanoscale physics/chemistry. 
1.2 AIMS 
The aim of this thesis is to develop a framework for the biophysical modelling 
of F-actin CSK based on the physical behaviours of G-actin molecules and the 
structural characteristics of CSK in living cells. This framework covers a wide spatial 
scale, from atomic modelling of G-actin molecules at nanoscale to the biophysical 
modelling of CSK dynamics at microscale. With the multiscale framework 
developed, deformation properties of F-actin-related cellular structures can be 
investigated. Moreover, the mechanisms of dynamical responses in F-actin CSK can 
be explained from the viewpoints of mechanics. 
1.3 OBJECTIVES 
I. Evaluate whether continuum mechanics models are sufficient to describe the 
deformation properties of F-actin filaments at nanoscale level 
II. Discrete the F-actin CSK into bead networks and develop a representative coarse-
grained (CG) model to quantify the mechanical performances of F-actin CSK 
III. Improve the predictive quality of this specifically designed CG model of F-actin 
CSK in the prediction of thermodynamical behaviours 
IV. Investigate the mechanical stabilization of F-actin filament bundles, facilitated by 
the crosslinker proteins 
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V. Study the mechanisms of compressive response of three dimensional F-actin 
CSK 
VI. Understand the mechanisms of energy dissipation in F-actin crosslinker, induced 
by the unbinding of crosslinkers 
VII. Study the mechanisms of muscular contraction 
VIII. Investigate the interaction between G-actin and in-organic material, which 
further serves the biosafety evaluation of nano-biomaterials 
The objectives and scope of this research is illustrated in Fig. 1-1.  
 
Fig.  1-1. Aims and scope of this research. 
1.4 PROJECT OUTLINE 
The project mainly consists of two subdomains, namely i) implementation of a 
novel multiscale method and ii) the application of such a model in the study of the 
mechanical response of F-actin CSK. The workflow and load distribution of different 
parts of this thesis are summarized in Fig. 1-2. 
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Fig.  1-2. Workflow and load distribution of this project. 
The structure of this thesis is summarized in Fig. 1-3. The subdomain of 
multiscale method consists of three research papers and the subdomain of the 
application of this method is presented by another five research papers.  
 
Fig.  1-3. Flowchart of the thesis. 
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1.4.1 Molecular dynamics modelling of single F-actin filament 
It is questionable whether continuum mechanics model (such as beam model) 
can be applied in the studies of mechanical properties of F-actin filament. Herein, we 
have developed the atomic modelling of F-actin filament. Vibrational analysis was 
adopted to obtain the module of F-actin filament. The study verified that continuum 
mechanics model can be conditionally adopted in the modelling of F-actin filaments 
to predict their mechanical performances. This part was published in Computer 
Methods in Biomechanics and Biomedical Engineering [11] and is the Chapter 3 in 
this thesis.  
1.4.2 Coarse-grained model of F-actin networks 
As claimed in Chapter 3, continuum mechanics models only conditionally 
work in the modelling of single F-actin CSK. Moreover, the modelling of F-actin 
CSK consists of numerous single, flexible F-actin filaments, which is difficult for 
continuum mechanics model to handle. In chapter 4, we have designed a specific CG 
granular model for the F-actin filament with respects to the structural characteristics 
of F-actin. This explicit model also has the advantage of predicting the dynamical 
behaviours of F-actin CSK in the time domain. The model has been validated by the 
experimental results from the literature. This part was published in Journal of 
Applied Physics [12] and is the Chapter 4 in this thesis.  
1.4.3 Stochastic thermostat designed for the CG model of F-actin CSK 
The CG model developed in Chapter 4 has limitation in its ability in predicting 
thermodynamic motions of the F-actin fragments. Based on all-atom MD simulation, 
we have developed a new stochastic thermostat, which improves the predictive 
quality of the thermodynamical motions of F-actin and also reduce the computational 
cost of all-atom MD simulation was developed. This part was published in Journal of 
Computational Physics [13] and is the Chapter 5 in this thesis.  
1.4.4 Mechanical stabilization of F-actin bundle 
The F-actin crosslinkers is believed to be significant to the mechanical 
stabilization of F-actin bundles in cellular dynamics. Based on the CG granular 
model of F-actin CSK, it has been possible to quantify the mechanical performances 
of F-actin bundles and numerically understand the mechanism of mechanical 
stabilization of F-actin bundle which is facilitated by the crosslinker (such as fascin). 
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This part is published in Journal of Applied Physics [14] and is the Chapter 6 in this 
thesis. 
1.4.5 Compressive response of three dimensional F-actin CSK 
Besides the F-actin bundles mentioned in Chapter 6, three-dimensional F-actin 
networks are also commonly found structures in living cells. Based on the new CG 
model of F-actin CSK, the deformation mechanisms of the compressive response of 
three dimensional networks were investigated. The significance of crosslinkers to the 
mechanical performance of CSK was investigated. This part was published in 
Theoretical and Applied Mechanics Letters [15] and is the Chapter 7 in this thesis. 
1.4.6 The energy dissipation in F-actin CSK induced by crosslinker unbinding 
By applying a shear deformation to F-actin CSK, it is possible to capture the 
energy dissipation phenomenon in F-actin CSK. The mechanisms were summarized 
based on the long duration modelling of F-actin CSK with both thick and thin 
filaments. This part is accepted by Cellular and Molecular Bioengineering (DOI 
:10.1007/s12195-015-0382-y) and is the Chapter 8 in this thesis. 
1.4.7 The mechanisms of muscular contraction 
In order to investigate the contractile properties of skeletal muscle which is 
induced by the protein motor of myosin, a molecular model is proposed for 
predicting the dynamic behaviours of skeletal muscles based on classic sliding 
filament model. This molecular filament sliding model provides a theoretical way to 
evaluate the properties of skeletal muscles, and contributes to the understandings of 
the molecular mechanisms in the physiological phenomenon of muscular contraction. 
This part is published in Science of Advanced Material [16] and is the Chapter 9 in 
this thesis. 
1.4.8 The interaction between F-actin CSK and graphene 
The biosafety of carbon nanomaterial needs to be critically evaluated with both 
experimental and theoretical validations before extensive biomedical applications. 
An analysis of the binding ability of two-dimensional monolayer carbon 
nanomaterial on actin by molecular simulation to understand their adhesive 
characteristics on F-actin cytoskeleton is also presented as an application of the 
concepts developed in this thesis. This theoretical investigation provides insight into 
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the sensitivity of actin-related cellular activities on carbon nanomaterial. This part is 
published in Applied Physics Letters [17] and is the Chapter 10 in this thesis. 
1.5 SUMMARY 
In summary, the thesis systematically investigated the biophysical properties of 
F-actin CSK from the viewpoints of both mechanical deformation and interfacial 
problems. The feasibility of continuum mechanics modelling in the prediction of F-
actin behaviours was first evaluated and a multiscale framework for the explicit 
modelling of F-actin CSK was developed based on the technique of granular 
modelling. The predictive quality of this new method is also improved by 
implementing a newly designed stochastic thermostat, while the efficiency and 
accuracy of this multiscale modelling framework was established in validation 
against existing experimental data in the literature. Based on the modelling 
incorporating different levels, it was possible to capture the mechanical stabilization 
of F-actin-related cellular structures during cell migration, the deformation 
mechanisms of F-actin CSK with respect to mechanical stimuli, the mechanisms in 
muscular contraction and also the interfacial relationship between F-actin CSK and 
inorganic nano-biomaterial. These modelling results can provide insight into the 
biophysical behaviours of living cells and associated the biosafety evaluation of 
newly-developed nano-biomaterials in biomedical applications. 
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In this chapter, the history of cytoskeleton (CSK) mechanics is summarized 
and the recent developments of CSK modelling are also included. The content 
includes: 
• Mechanics models of living cells. 
• Mechanical characterization of F-actin CSK. 
• Hierarchical multiscale modelling. 
• Multiscale modelling of Ifs and microtubules. 
• Structure and modelling of F-actin CSK. 
• Interaction between protein and inorganic materials 
2.1 MECHANICS OF LIVING CELLS 
In animal body, living cells are subjected to various mechanical loadings 
throughout life [1, 7]. In response to the mechanical stimuli, living cells would 
convert these primary signals (strain and stress) to physiological behaviours in a 
variety of ways under both external and internal constrains, which depends on the 
characteristics of loadings. For example, in vitro fluid shear of endothelial cells can 
stiffen the cells by inducing rearrangement of the cytoskeleton [18, 19]. The 
mechanical compression of cells such as chondrocytes can modulate proteoglycan 
synthesis [20], which is physiologically significant to the behaviours of bone. 
Furthermore, the tensile stretching of cell substrate can alter both cell motility [21], 
orientation [22] and even differentiation [23]. Therefore, it is critical to understand 
the response of living cells to these above-mentioned mechanical stimuli, which is 
significant to the pathology study and physical therapy of cellular diseases at 
molecular level. Herein, we summarized the previously developed experimental 
techniques and mechanics models of the mechanical characterization of living cells.  
2.1.1 Experimental techniques in cell mechanics 
During last few decades, several experimental techniques have been developed 
to quantify the mechanical performances of living cells at different scales [24]. Back 
into 1950, Crick and Hughes adopted magnetic particle method to quantify the 
mechanical behaviours of cells [25]. Four years later, Mitchison and Swann designed 
the micropipette aspiration experiments and characterized the elasticity of sea urchin 
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eggs [26]. After this, as a standard characterization method, the micropipette 
aspiration method is widely adopted in the studies of various different types of cells 
for their mechanical characterizations [27]. 
With recent developments of experimental techniques at microscale, more 
microscale characterization methods for living cells have been developed, such as 
cell poker [28], particle tracking [29], magnetic twisting cytometry [19], oscillatory 
magnetic twisting cytometry [30], atomic force microscopy [31], microplate 
manipulation [32], cytoindenter electrical cell-substrate impedance sensing coupled 
with magnetic bead pulling [33], optical tweezers/laser trap [34, 35] and tensile tester 
[36]. 
With the abovementioned techniques at microscale, different kinds of loadings 
can be applied on cells, such as distributed loading (microplate manipulation) and 
concentrated loading (atomic force microscopy). These experimental techniques can 
provide insightful deformation properties of living cells with respects to different 
loading types. Based on the information from these deformation properties, different 
mechanics models of living cells have been developed. 
2.1.2 Continuum models of living cells 
Continuum mechanics models have been developed regarding the mechanical 
properties of cells under different loading types. This continuum mechanical 
approach can be generally divided into two subdomains: viscoelastic models and 
biphasic models, which is systematically summarized in literature [7]. The 
continuum mechanics model for living cells ignore the molecular events happening 
in living cells and treat the material as homogeneous material or composites of 
materials with different phases. However, these models provide more convenient 
ways to characterize the deformation properties as they only need constitutive 
parameters which can be obtained from experimental testings. 
Solids models were first developed to study the mechanics of living cells by 
defining the whole cell as one homogeneous material. Under the solids model 
hypothesis, hyperelastic and viscoelastic theories are very straightforward mechanics 
models for living cells by defining the elasticity of the material. Back into 1960s, 
Fung talked about the solid mechanics model to study the mechanical behaviours of 
living cells. Later on, the solid mechanics model is upgraded to complex mechanics 
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models, including linear viscoelastic model [37], power law structural damping 
model [38], porohyperelastic model [39]. The typical expression of this kind of 
constitutive law of the whole cell can be summarized as Eq. (2-1). 
),( εεσ f=      (2-1) 
where, σ  is the stress, ε  is the strain and ε  is the strain rate. They type of 
constitutive law characterized model is easy for modelling as all the deformation 
properties are summarized by a few mechanical properties. The mechanical events 
happening insides the living cells are neglected.  
Besides the solids model, different solid models were also developed to study 
the complex mechanical behaviours of living cells. Another commonly used 
theoretical model for this is the shell-liquid simplification, in which the plasma 
membrane is simplified as flexible shell and the cytoplasma (complex components, 
such as cytosol, CSK and suspended organelles) is summarized as liquids. 
Comparing to solid model, this type of model has the advantages in handling the 
rheology of living cells which is mainly caused by the liquids state cytosol. Based on 
the treatment of liquid mechanics models, this domain can be divided into four 
categories: Newtonian liquid model [40], compound Newtonian liquid model [41], 
shear thinning liquid drop model [42] and Maxwell liquid mode [43]. The mechanics 
description of solid state plasma membrane is quite the same with solid mechanics 
theories. However, the liquid state cytoplasm follows complex hydrodynamics 
models, which can be typically written as: 
),( γγτ f=      (2-2) 
where, τ  is the shear stress, γ  is the strain and γ  is the shear strain rate. 
Differently from the hypothesis in shell-liquid model, another type of 
continuum mechanics based model for cytoplasm is developed, in which the 
cytoplasm has two phases: solid polymeric contents and interstitial fluids. This 
biphasic model further describes the cytoplasm as a complex material with both solid 
and fluid state materials. This kind of model was first adopted in the studies of 
biomechanical tissues [44]. Later on, this biphasic model has been applied to model 
the indentation of a single chondrocyte [45].  
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With the help of these continuum mechanics of models, the deformation of 
cells can be predicted from the viewpoint of modelling. This would facilitate the 
understandings of the role of mechanics in cellular mechanotrasduction [7, 46]. As 
mechanical properties of living cells also play important roles in the diagnosis of 
cellular diseases [1], the deformation modelling is also significant to medical 
applications.  
However, these continuum mechanics based models of living cells are 
insufficient in the prediction of dynamical cell behaviours in specific environments 
and when exposed external mechanical stimuli. These cryptic biological behaviours 
of living cells are governed by the mechanobiology of cell components and 
biochemistry events happening in the cells. One of the most typical players in the 
mechanobiological behaviours of living cells is F-actin CSK. Microfilament also 
mechanically drives the process of cellular motility by assembling and 
disassembling, which proves the essential role microfilament plays in cellular 
process including embryonic development, wound healing, immune response, and 
tissue development [47-49]. Therefore, besides the general deformation properties of 
the whole cell, detailed characterizations of the mechanobiological responses of F-
actin CSK are also significant to the understandings dynamical responses of living 
cells. In following sections, the mechanical characterization and development in 
modelling for F-actin CSK will be detailed. 
2.2 EXPERIMENTAL CHARACTERIZATION OF F-ACTIN CSK 
Eukaryote cells are generally 1-100µm what contain complex structures and 
organics enclosed within membranes, as is shown in Fig. 2-1. Eukaryotic cells 
contain three main kinds of cytoskeletal filaments, which are microfilaments, 
intermediate filaments (IFs), and microtubules. The cytoskeleton provides the cell 
with structure and shape, and by excluding macromolecules from some of the cytosol 
it adds to the level of macromolecular crowding in this compartment. Cytoskeletal 
elements interact extensively and intimately with cellular membranes. A number of 
small molecule cytoskeletal drugs have been discovered that interact with actin and 
microtubules. These compounds have proven useful in studying the cytoskeleton and 
several have clinical applications. 
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Among these, microfilament is an important component of the cytoskeleton 
which plays a key role in cell’s mechanical behaviour. Microfilaments range from 5 
to 9 nanometres in diameter, designed to bear large amounts of tension which helps 
to generate forces used in cellular contraction and basic cell movements [48-52].  
 
Fig.  2-1. Illustration of the components and structure of cell and cytoskeleton. 
Different from cell mechanics testing, spatial scale for the characterization of 
CSK is at sub-microscale. More advanced characterization techniques are needed to 
provide full details about the mechanical events happening in the cytoskeleton. 
Several techniques have been developed for the mechanical characterization of F-
actin behaviours. The microfilament network can be simplified to be an architecture 
which is constructed from basic building blocks; the elementary component is single 
microfilament fibre: F-actin filament. Therefore, the mechanical properties of F-actin 
filament plays important role and should be focused to find out the homogenized 
mechanical behaviour of the structure constructed from F-actin.  
Back into 1990s, Micro-needle array technique and laser trap method were 
used in molecular level to measure mechanical properties of a single contractile 
protein, both tensile stiffness and torsion rigidity of single F-actin filament were 
measured [53, 54]. Dupuis, et al,  tested the tensile stiffness of F-actin filament from 
chicken pectoral muscle cells, and estimated the bending rigidity based on continuum 
mechanics theory [55]. The tensile modulus and flexural rigidity of single F-actin has 
been obtained from experiments [55-58]. Complex mechanical performances, 
including viscosity, strain hardening, stress hardening and stress softening, were also 
discovered in the last few decades [59-63]. 
A novel silicon-nitride microfabricated levers were used to characterized the 
longitudinal elasticity of single actin filaments [64]. Single actin filaments were 
stretched from zero tension to maximal physiological tension. The obtained length-
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tension relation was nonlinear in low-tension range (0–50 pN) with a resultant strain 
of 0.4–0.6% and then became linear at moderate to high tensions (50–230 pN). In 
this region, stretching stiffness of a single 1μm long F-actin is 34.5-3.5 pN/nm. Such 
a length-tension relation could be characterized by an entropic-enthalpy worm-like 
chain model, which ascribes most of the energy consumed in the nonlinear portion to 
overcoming thermal undulations arising from the filament’s interaction with 
surrounding solution and the linear portion to the intrinsic stretching elasticity. By 
fitting the experimental data with such a worm-like chain model, an estimation of 
persistence length of 8.75μm was derived.  
The stiffness evaluations of single F-actin by different techniques are 
summarized in Table 2-1.  
Table 2-1 Stiffness characterization of F-actin from different literatures 
Techniques Young’s Modulus (GPa) 
Thermal fluctuation  [56] 2.0 
Micro-needle array [53] 1.8 
X-ray diffraction [65] 2.5 
Micro-fabricated cantilever [64] 1.5 (by comparison) 
 
Besides the classic characterization of mechanical performances of F-actin 
filament, recently developed technique of atomic force microscopy (AFM) at 
nanoscale also facilitates the study of F-actin CSK behaviours. This technique has 
the advantage of a description with higher resolution of F-actin CSK under 
mechanical stimuli. Chaudhuri, et al. used AFM technique to detect the deformation 
of microfilament network under mechanical load; reversible elastic behaviour and 
large elastic modulus of dendritic actin networks are observed in the test, which 
indicates that the network has an architecture that is geared towards bearing high 
compressive loads [60]. Sharma, et al., used high resolution AFM to capture the 
morphology of F-actin at sub-nanometre scale, which provides insights into the F-
actin responses to the environmental changes induced by mechanics and chemistry 
[66]. These highly developed techniques do not only provide the direct stiffness 
parameters of F-actin CSK, but also assist capturing instant responses of F-actin in 
complex environments, which is significant to the understandings of the dynamical 
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responses of CSK to external stimuli. For example, based on the morphology 
information of F-actin CSK, researchers found that the branching of F-actin CSK can 
be affected by the curvature of F-actin filament [67].  
The rheological properties of actin gels is significant to maintain the flexibility 
of living cells at long timescales [68]. This adaptability of cells with respect to 
timescale is achieved by complex mechanosensing rearrangements of F-actin 
cytoskeleton, which is a composite network with constantly changing chemical 
components. Various functional and structural proteins work in conjunction to 
archive the phase change of cells under physical forces, which is significant to their 
self-protective properties in complex surviving environments. 
The underlying structural rearrangements in living cells can be promptly 
accelerated once the cells are exposed to physical forces. Subsequent cell relaxation 
would result in a significant phase change [18] in which the local stress relaxation of 
cellular structure plays critical roles. This cryptic physiological phenomenon is 
known to depend on the remodelling properties of F-actin cytoskeleton. Dynamically 
synthesized by cytoplasm [69], the F-actin in living cells has multiple phases varying 
from single filaments to filament bundles [68]. Compared with single F-actin 
networks, the networks of F-actin bundle feature enhanced stiffness and strength, 
both favoured for living cells to resist transient mechanical deformation.  
To sum up, the dynamical responses of F-actin CSK are significant to the 
behaviours of living cells. The mechanical performances of F-actin filaments are the 
material foundations of these biological performances. Different techniques have 
been developed and applied to measure the mechanical properties of F-actin 
filaments. The stiffness of F-actin filaments can be directly or indirectly evaluated. 
These mechanical behaviours of F-actin filaments can facilitate the understandings of 
dynamical responses of F-actin CSK, such as remodelling and rheology. However, it 
is still a challenge to directly couple the mechanics of single F-actin filament and the 
dynamics of F-actin CSK. Theoretical studies critically are needed to provide 
insights into the cryptic behaviours of CSK in living cells. 
2.3 HIERARCHICAL MULTISCALE MODELLING 
The significance of multiscale modelling in biological and material science has 
been firmly proved by the laureates of Nobel Prize in 2013. Molecular events up to 
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nanoscale in G-actin are involved in the dynamical responses of F-actin CSK, which 
makes it critical to consider the nanoscale effects of F-actin behaviours. Therefore, 
the analytical and computational modelling frameworks of F-actin CSK need to 
cover a wide range from the atomistic, through the microstructure or transitional, and 
up to the continuum [70, 71].  
Different modelling techniques have been developed based on the physics and 
mechanics of materials, such as Quantum Mechanics (QM) at sub-nanoscale, 
Molecular Dynamics (MD) at nanoscale, Dissipative Particle Dynamics (DPD) at 
microscale and Continuum Mechanics at meso/macroscale. Fig. 2-2 provides the 
typical numerical techniques which are used in the multiscale computational 
frameworks.  
In cells, F-actin is dynamically polymerized during biological processes and 
the functional unit is G-actin. Therefore, the smallest deformation unit in the CSK 
dynamics can be assumed to be atomic structures of G-actin. The molecular 
mechanisms of G-actin conformation change are significant to the biochemistry of 
actin dynamics. As our modelling research aims to investigate the mechanical 
response of the whole F-actin CSK under external stimuli, hence, the conformational 
changes of G-actin is not focused in this research. Therefore, the smallest modelling 
scale in this research starts from MD simulation, which can provide the insightful 
constitutive relationship of a single F-actin. However, the scale of F-actin CSK is up 
to micro, at which all-atom MD simulation is difficult to be carries out. Therefore, 
the ‘Coarse-Grained’ (CG) techniques, which is also known as ‘zoom out’, is 
developed to connect the nanoscale F-actin deformation and microscale F-actin CSK 
response.  
In this section, the technical details of MD method and the strategy of CG 
technique are introduced. 
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Fig.  2-2. Illustration of typical methods in the multiscale computational frameworks. 
2.3.1 MD simulation 
QM method is developed based on Schrödinger equation and can be applied to 
atomic systems to investigate related physical properties. With today’s computer 
power, the system for QM method to model can only reach a few hundreds of atoms. 
Different from QM method, the MD method is developed to meet the modelling 
requirements of large systems, which contains millions of atoms. However, MD 
method is based on empirical potential functions, which are obtained from 
experiments or QM calculations [70]. The basic idea is to eliminate the electrons in 
the simulation and assume that they are conceptually included by single atoms 
(nuclei and electron), which are the smallest simulation units. By defining proper 
interaction (potential function) between different atoms, the forces applied on each 
atom can be obtained. According to classic Newtonian mechanics, the tracks of all 
atoms in the simulation system can be fully extracted by numerical integrations. 
There are two critical factors in the MD simulation: the interval of dynamic 
information update and the definition of potential functions.  
The classical Hamiltonian for a system is defined as: 
Φ+=Η ∑ 2
2
iivm     (2-3) 
where, im and iv respectively denotes the mass and velocity of atom i. Φ  is the 
effective potential of other particles. Based on the Hamiltonian of an atom, the 
governing equation of its motion can be derived as: 
i
i
i Fdt
Rdm =2
2
     (2-4) 
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where, iR is the position of atom i, and t is the time. Fi denotes the force from other 
atoms with interaction, which is further derived from the predefined potential 
functions. The mass particle moves as a rigid particle with the velocity of v and the 
velocity is updated by a time interval based on the interaction from other atoms in the 
system.  
Integration techniques are also important to the quality of MD calculation. We 
take the commonly used Verlet algorithm as an example to show hot the MD method 
process the motion of mass particles numerically. The Verlet algorithm is popular in 
MD method because it is stable and memory efficient for a large time step. In this 
integration method, the position of atom i after a temporal interval of tδ  can be 
calculated from the reference position as: 
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It is noteworthy that, the velocity of atoms at human body temperature is 
thousands times of the velocity of a bullet, which means that the size of time step 
should not be very large to avoid system exploration. This is very critical to the 
quality of MD prediction, as properly defined time step can guarantee the prediction 
quality and reduce the computational cost at the same time. By using the above-
mentioned calculation principles, the full details of the evolution of atoms in a 
system can be properly obtained. This obtained dynamical information can be used to 
quantify the mechanical properties of molecular systems and track its dynamical 
responses in the temporal domain.  
2.3.2 CG strategy 
Even though the scale of molecular system can be extended to millions of 
atoms by MD, which is much improved comparing to QM method, the spatial scale 
of MD is still limited for a full application to materials at microscale. Take F-actin as 
an example, F-actin is assembled from G-actin (375 residues) and a molecular 
system for F-actin with one million atoms can only cover a single F-actin filament 
which is less than 100nm [72]. However, F-actin CSK contains thousands of F-actin 
filaments and some filaments are far more than 100nm, which indicates that all-atom 
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MD method cannot be directly applied to study the mechanics of F-actin CSK at 
microscale. CG techniques are needed to upgrade the modelling scale to meet the 
spatial requirements in the study of nano or micromechanics of materials.   
In CG strategies, a certain group of atomic clusters are simplified as one 
simulation bead which performs equally as the mass particle in all-atom (AA) MD 
methods. Empirical potential functions between these simulation beads (atom 
clusters) need to be characterized by either experimental or higher level theoretical 
calculations. Therefore, the design of CG particle is significant to the quality of 
prediction in the material modelling. Different CG strategies have been proposed to 
study the mechanics and physics of materials in different disciplines, such as solid 
state condensed material [73] and proteins [74]. Detailed explanation of the CG 
strategies of F-actin modelling will be specifically discussed in the section of F-actin 
multiscale modelling. 
2.4 MULTISCALE MODELLING OF IFS AND MICROTUBULES  
As introduced in last sections, hierarchical multiscale has been recently applied 
to model naturally designed hierarchical materials [75]. This modelling method starts 
from the biophysical simulations of nanostructure of materials and aims to model 
their macroscale mechanical behaviours. Fig. 2-3 shows the logics of this multiscale 
modelling strategy and different methods that are usually adopted at different 
simulation levels. Up to angstrom scale, quantum mechanics calculation is needed 
for the analysis of interactions of the atomic configurations on the living filaments, 
as micro/nano scale filaments consist of various peptides. Full atom molecular 
dynamics (MD) method is adopted at nanoscale to understand the mechanical 
behaviours of single filaments [11, 17]. However, due to the computational expense 
of full atom simulation, coarse-grained (CG) strategies are needed to characterize the 
mechanical behaviours of complex networks that are built from the aforementioned 
nano/micro scale filaments. Based on systematic studies at all scales, the mechanics 
of CSK can be studied to understand the mechanical behaviours of a single living 
cell at microscale based on above-mentioned molecular level simulations.  
In this section, multiscale modelling details of different CSK components are 
independently introduced. These components include IFs, microtubule and 
microfilament network.  
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Fig.  2-3. Hierarchical multiscale methods for cell modelling. 
2.4.1 IFs modelling 
The name of IFs comes from its geometric properties. It is thicker than the 
microfilaments and thinner than the myosin filaments. The component is evolved 
related to the mechanical resistance and adhesion of cells [76]. Due to its critical role 
in the mechanics of cytoskeleton, the mechanical behaviours of IFs were focused for 
decades to understand the mechanical performance of cells [8, 77-80]. The 
mechanical significance of IFs to the living cells has been approved already. 
However, a mature mechanics model for this gel like material is difficult to be 
obtained due to the physical properties. Efforts have been applied to understand the 
mechanical contribution of IFs from the view point of numerical modelling [81].  
Ackbarow et al. proposed a hierarchical multiscale model for the mechanical 
modelling of IFs and studied the rupture properties of IFs networks [82, 83]. In this 
modelling strategy, this alpha helix is simplified to be a string of virtual beads. The 
physical interaction between beads is obtained from mechanical testing. Fig. 2-4 
provides the schematic of this multiscale method. And the simulation parameters are 
listed in Table 2-2, which are obtained from literature [83]. The interaction between 
different beads are simplified as multiple linear curves, whose stress transitions 
respectively sit at 5.3,11.5 and 13.0 angstrom. Between 5.3 and 11.5 angstrom, strain 
softening happens after the hydrogen bond has broken before 5.3 angstrom. The 
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main energy is absorbed by the flattening of the alpha helix. After 11.5 angstrom, 
strain hardening happens because more energy is needed to break the peptides on the 
single filaments.  
Table 2-2 Simulation parameters in the IFs multiscale modelling 
Parameters and unit   
Equilibrium distance ( A ) 5.00 
Stress transition points ( A ) 5.3,11.5, 13.0 
Stiffness (kcal/mol 2A ) 9.7, 0.56, 32.20, 54.60 
Bond breaking distance ( A ) 13.30 
Equilibrium angle (degree) 180 
Bending stiffness (kcal/mol/rad2) 3.44 
Bead mass (amu) 400 
 
 
Fig.  2-4. Multiscale model for the IFs modelling. 
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With assistance from this multiscale model, the mechanical properties can be 
quantified. Ackbarow et al., have analysed the self-protective properties of IFs 
networks [83]. Comparing to continuum materials, the rupture strain needed for the 
same flaw size on the IFs network is larger. The flaw size has negative effects on 
mechanical strength of IFs networks, however, the toughness properties is better than 
linear fracture mechanical evaluation based on continuum mechanics theory, which 
explains the high mechanical strength of nature designed IFs networks in living cells.  
2.4.2 Microtubules modelling  
As the most rigid component of CSK, microtubule plays important role in the 
mechanical performance of living cells, such as maintaining the cell morphology and 
adjusting subcellular structures [84-87]. Due to the mechanical significance of 
microtubules, enormous efforts have been devoted to study its mechanical 
contribution to the physiological performances of living cells. Similar to IFs, the 
mechanical testing on single microtubule is hard to be carried out, and cannot fully 
consider the in vivo environments. In order to overcome these disadvantages, 
multiscale numerical models of microtubules have been proposed [86-88].  
In most microtubule multiscale models, tubulin dimmers are simplified as 
individual simulation beads. The interaction between different beads is extracted 
from both full atom simulation or by assumptions [89]. Fig. 2-5 shows the logics in a 
typical microtubule model. 
 
Fig.  2-5. Coarse-grained model for microtubules. 
The potential energy between simulation particles in the multiscale model can 
be summarized as Eq. (2-6). Table 2-3 provides the keynote parameters for Ji and 
Feng’s model [89]. 
d,latd,longb,latb,longdiaglatlong U+UUUUUUU +++++=   (2-6) 
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Table 2-3 Simulation parameters in the microtubule multiscale modelling 
Interaction Stiffness Parameter 
Longitudinal tension or compression 3 nN/nm 
Lateral tension or compression 14 nN/nm 
Diagonal tension or compression 3 nN/nm 
Longitudinal bending 2 nN•nm 
Lateral bending 8.5 nN•nm 
Longitudinal dihedral bending 0.04 nN•nm 
Lateral dihedral bending 0.17 nN•nm 
 
By adopting these simulation parameters, Ji and Feng have deeply studied the 
deformation mechanisms of microtubules under external loadings. These mechanical 
properties study provides insights which can contribute to the understandings of 
deformation properties of a whole living cell. 
Based on the single microtubule modelling, a long microtubule can be 
simplified as slender beams. By adopting beam assumption, Peter and Mofrad have 
developed continuum mechanics modelling of a microtubules bundle that consists 
aligned microtubule filaments [87]. Their study about the mechanical deformation of 
microtubules bundles can help explain the elongation, undulation, and delayed 
elasticity of axons following traumatic stretch loading. 
2.5 STRUCTURE AND MODELLING OF F-ACTIN CSK 
In this section, the crystallography and developments in the modelling of F-
actin CSK mechanics are summarized. 
2.5.1 Crystallography of the filamentous actin  
F-actin is assembled from one of the most highly conserved structure protein: 
Actin. Straub originally isolated globular actin (G-actin) from muscle [90]. The 
monomer binds one molecule of ATP which is hydrolysed to ADP on 
polymerization. Holmes proposed an atomic model of the actin [91]. The detection of 
the atomic structure of globular actin (G-actin) using X-ray fibber diffraction 
technique has been focused for decades; Holmes and Oda separately developed 
atomic structures of G-actin monomer [92, 93]. Based on information of G-actin 
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atomic structure and F-actin filament assembling mechanisms, the nature of the 
translation of single G-actin to F-actin were also proposed [91-95]. 
The monomer, G-actin has unique orientations with respect to the helix. The 
atomic crystal structure of G-actin is firstly studied in 1990 [91]. High resolution G-
actin atomic configuration has been studied after this, and can be found in the protein 
data bank (PDB) database. According to experiment results, G-actin is a rather flat 
molecular built from two similar major domains, as is shown in Fig. 2-6. The atomic 
configuration of G-actin and the high resolution F-actin configuration was separately 
well developed by Holmes and Oda [92, 93]. The nature of globular to fibrous actin 
transition was well studied. Fujii also proposed a way to visualize the secondary 
structures of F-actin by electron cryomicroscopy [96]. There are also many different 
kinds of G-actin and F-actin atomic configurations in the PDB [51, 97, 98] which 
were developed during different physiological phenomena. The proper selection of 
the atomic configuration in theoretical analysis is critical to the analysis results. 
2.5.2 Numerical characterization of mechanical properties of F-actin 
However, experimental tests of single F-actin filament’s stiffness are limited 
by the operating cost. It is hard to apply testing under all kinds of physics and 
chemistry environments down at nanoscale. Analytical characterization is needed to 
assist all conditional stiffness evaluation of F-actin from the atomic microscopy point 
of view, which can also reduce the huge cost of experimental tests. Molecular ways 
to describe living systems in terms of physics and chemistry were studied for 
decades, with many successful application accomplished [99-101].  
In nanoscale biotechnology, the performances of structural proteins are 
dominated by the atomic configurations, which are an already well-established 
database. MD simulations of living protein organisms provide the ultimate details of 
motional phenomena in principle. Kolahi and Mofrad performed an MD simulation 
of bending the rod filamin (actin binding protein), and the simulation results 
successfully illustrated the coupling between the mechanical and chemical properties 
governing activity within the cell [102]. With the high resolution atomic 
configuration of F-actin, MD simulation is executed on an F-actin protein fibber, and 
the structural properties are estimated from the MD simulations [103-105]. However, 
due to the challenge in reaching a fully equilibrated atomic configuration of F-actin 
filaments in MD simulation on a system with more than 40, 000 atoms using today’s 
 Chapter 2: Literature Review 29 
computational power, it is hard to get mechanical properties directly from an 
unstable atomic configuration of a single F-actin filament. There are limited 
literatures about F-actin’s mechanical property study using MD simulation. 
Matsushita, et al, studied the effect of tensile force on the mechanical behaviour of 
actin filaments using MD simulation [106]. Recently, mechanical properties of actin 
filaments were studied by analysing the thermal dynamics behaviours of the 
molecular system [107]. 
The MARTINI force field for the molecular simulations of biological systems 
was proposed by Marrink and Mark [108], and has been validated by the results of 
all-atom MD simulation [109]. With the MARTINI CG-MD technique, the overall 
particle number can be reduced to only 25% of the original atom number, which will 
significantly save the computational cost. 
2.5.3 Continuum mechanics models for microfilament networks 
The networks of cross-linked and bundled actin filaments are ubiquitous in the 
cytoskeleton. It is a kind of structure which is built from numerous F-actins which 
help a living cell to resist external mechanical load. The structure should be an 
optimisation reflecting a living cell’s physical functions. The structures are very 
complex to summarize that the networks observed in living cells and vitro are totally 
different [110]. The biphasic model based on continuum mechanics theory has been 
proposed to investigate the mechanical behaviours of actin gel in solution based by 
homogenizing the actin cortex in living cells [111, 112]. However, later studies 
proved that the mechanical behaviours of microfilament networks are complex 
physiological processes which are related to architectures and the chemical 
components of microfilament networks. Wachsstock et al. proved that the dynamics 
of the networks cross linkers determines mechanical properties of microfilament 
networks [113], and Gardel et al. discovered that the density of cross-linkers is also 
quite crucial to the stiffness of microfilament networks [61]. All these fascinating 
physiology features of microfilament networks lead to the self-protective properties 
and the functional features of biological tissues. 
By employing mechanical properties from experiments, continuum beam 
model has been used to predict the mechanical and thermal dynamics performances 
of the single F-actin and microfilament networks. Based on the continuum beam 
assumption, You et al. presented a mathematical model for the strain amplification in 
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the cytoskeleton of osteocytes [114], Mogilner and Oster proposed a model to 
explain the force generation by actin polymerization [115], Chen and Shenoy 
explained the myosin II induced strain stiffening of actin filament networks [116].  
2.5.4 Multiscale approach for microfilament networks 
Recent advances in analytical and computational modelling frameworks to 
describe the mechanics of materials on scales ranging from the atomistic, through the 
microstructure or transitional, and up to the continuum are reviewed. It was shown 
that multiscale modelling of materials approaches relies on a systematic reduction in 
the degrees of freedom on the natural length scales that can be identified in the 
material. Connections between such scales were achieved either by a 
parameterization or by a ‘zoom-out’ or ‘coarse-grained’ procedure [117]. 
Multiscale approaches can provide essential physical basis from atomic level 
biophysics analysis of protein molecules to understand the biomechanics and the 
mechanobiology of microfilament networks [10, 118]. The concepts of bottom-up 
approaches have been proposed to understand mechanical behaviours of the single F-
actin and microfilament networks [119, 120]. At molecular level, the MD method 
can describe the ultimate motion phenomena of living systems in terms of chemistry 
and physics [101]. However, due to the limitation of the computer power, the CG 
level investigation abstracted from all-atom MD simulations is needed to unravel the 
biological complexity from physical basis. Chu et al. and Deriu et al. independently 
proposed CG models for single F-actin based on structural features of G-actin by 
thermal dynamics matching methods [121, 122]. Shimada et al. introduced a serial 
linear spring model based on Brownian dynamics method [123]. As introduced, Ji 
and Feng proposed a CG model for the dynamics simulation of microtubules which 
is another important mechanical component of cytoskeleton in living cells [89]. 
However, as these CG models were primarily designed to predict dynamics 
behaviours, the potential functions in these models were typical harmonic potential 
or Lennard-Jones (LJ) potential, which are hard to describe the special constitutive 
relation between the adjacent G-actin monomers. 
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2.6 INTERACTION BETWEEN PROTEIN AND INORGANIC 
MATERIALS 
With the recent developments of advanced nano-technology, biomedical 
applications are facing a revolution that subjects to these functional materials, 
especially in the science of drug delivery, surgical replacement and bio-scaffolds. 
Many cellular toxicity experiments have been done to evaluate the direct effects of 
these materials. However, strict biosafety evaluation is still necessary for any kind of 
new material to be used in biomedical applications. 
Experimental techniques have been adopted to investigate the micro/nanoscale 
interactions between living organisms and inorganic materials. Atomic force 
microscopy has been used to characterize the adhesion between living cells and an 
inorganic substrate [124]. However, the inorganic particles to which in cells attach 
are often nanoscopic in size, thereby rendering it difficult to perform physical or 
experimental characterization involving the micromanipulation of proteins to gain 
quantitative insight. In combination with experimental characterization, modelling 
provides a powerful tool for probing the mechanism of the interaction between 
organic macromolecules and inorganic materials. Despite these numerical 
explorations of the mechanical behaviours of carbon nanomaterials, their adhesive 
characteristics on biomolecules need further theoretical studies. ab initio and MD 
modelling strategies have been applied to characterize the interaction between 
biomolecules (e.g. protein, amino acids and nuclei acids) and inorganic materials (i.e. 
graphene, metal particles and hydroxyapatite) [125-127]. 
There is limited study on the interaction between actin and inorganic material 
as actin mainly performs as a structural protein in cells. Comparing to other 
functional proteins, the dynamics of protein is of ‘less’ significance’ in directly 
explaining the biological performances of living cells. However, the biophysical 
behaviours of F-actin can regulate the mechanical performance of living cells. All of 
the factors that are adhesive to F-actin CSK and change its mechanical performances 
can potentially mediate the behaviour of living cells. Therefore, we suggest that the 
interaction between actin and nanomaterials need to be strictly evaluated to exclude 
the potential risk of these new biomedical materials in clinical applications. In this 
thesis, as an example, we have studied the interaction between actin and graphene, 
which is one of the most popular 2D single layer functional materials.  
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2.7 SUMMARY AND IMPLICATIONS 
As the essential component of the cytoskeleton, the actin plays critical roles in 
many cellular processes of eukaryotic cells such as wound healing [128], cellular 
motility [47, 129] and cytokinesis of eukaryotic cells [130]. The mechanisms of force 
generating and transferring via microfilament networks were focused for decades to 
understand the mechanobiology of cellular processes in living eukaryotic cells. 
Microfilament networks can be simplified as an architecture which is built from the 
basic building blocks: F-actin. Therefore, mechanical properties of F-actin play an 
important role and should be focused to find out homogenized mechanical 
behaviours of microfilament networks.  
Back into 1990s, both tensile Young’s modulus and torsion rigidity of single 
actin filament were measured at molecular level. However, experimental tests of 
single actin filament’s stiffness are limited by its operating cost. Analytical 
characterization is needed to assist all conditional Young’s modulus evaluation of 
single F-actin from the atomic configuration’s viewpoint, which can also reduce the 
huge cost of experimental testing. The MD simulations were mostly designed for the 
thermal dynamics response of the actin molecules. To the best of our knowledge, few 
discoveries about the mechanical performance by MD simulation can be found. 
Specific molecular simulations about the mechanical performances of F-actin and 
microfilament networks should be designed to investigate mechanical properties of 
the single F-actin from microscopy point of view. 
The molecular modelling method, as a theoretical tool for microfilament 
networks mechanical performance analysis, still faces the challenge from the 
computation power. The biggest all-atom MD simulation of a single F-actin is less 
than hundred nano meters, which is far less than the real size of the eukaryotic cells. 
In order to explore mechanical properties of microfilament networks, a new 
multiscale approach, is needed to bridge bottom physics basis of actin molecules and 
continuum mechanics modelling of microfilament networks.  
The biphasic model based on continuum mechanics theory had been proposed 
to investigate mechanical behaviours of actin gel in solution by homogenizing the 
actin cortex in living cells. However, later studies proved mechanical behaviours of 
microfilament networks are complex physiological processes which are related to 
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architectures and the chemical components of microfilament networks. Due to the 
difficulties in abstracting all these dynamics features into a pure mathematical 
presentation on continuum mechanics level, the multiscale approach from 
microscopy point of view are needed to predict dynamics behaviours of 
microfilament networks. 
In addition to the deformation properties of CSK, the adhesive characteristics 
of inorganic material from biomedical applications are also significant to the safety 
of living cells. The interaction between actin and inorganic materials should also be 
strictly evaluation from both experimental and numerical modelling ways.  
To sum up, a new multiscale framework is critically needed to understand the 
biomechanics and mechanobiology of microfilament networks. This method is 
designed under the bottom-up philosophy: from atomic physics basis to continuum 
mechanics description. This framework ranges from nanoscale to microscale, can 
provide a bridge to explain the biological performances of cells from the 
fundamental understandings of the molecular events happening at atomic scale. This 
framework can be applied in the analysis of the mechanical performances of 
microfilament networks which is significant to the cellular responses under external 
stimuli. This multiscale framework provides a powerful numerical tool to understand 
the mechanobiology of F-actin CSK in cells and design artificial biomaterials which 
have interaction with F-actin CSK in biomedical engineering. 
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3.1 ABSTRACT AND KEYWORDS 
The continuum beam model had been used to predict the mechanical properties 
of single actin filaments on continuum mechanics level. However, this continuum 
model clearly has limitations to represent the nanoscale single actin filaments. In this 
paper, the mechanical vibration properties of single actin filaments with lengths from 
50 to 288nm are numerically investigated by the molecular simulation, i.e., the 
Coarse Grain Molecular Dynamics (CG-MD) simulations. The Fast Fourier 
Transform (FFT) power spectrum analysis is then applied to the periodic motion 
information from the molecular simulations to extract the natural frequencies of the 
simulated single actin filaments. The natural frequencies obtained from the molecular 
simulations are compared with the Normal Mode Solution (NMS) of the equivalent 
Euler-Bernoulli beams, and the mechanical properties including the flexural rigidity 
and the Young’s modulus are then evaluated. Based on the convergence study of the 
mechanical properties with respect to the filament length, it has found that the Euler-
Bernoulli beam model can only be reliably used when the aspect ratio of the single 
actin filament is larger than 17. Hence, this molecular investigation not only provides 
the evidence for the use of the continuum beam model in characterizing the 
mechanical properties of single actin filaments, but also clarifies the criteria for the 
effective use of the Euler-Bernoulli beam model.  
Keywords: Actin filament; Mechanical vibration; Flexural rigidity; Young’s 
modulus; Coarse-Grained Molecular Dynamics 
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3.2 INTRODUCTION 
The cytoskeleton is the structural fundament for an eukaryotic cell to resist 
deformations due to external loads [8]. Microfilament, intermediate filament and 
microtubule are three principal cytoskeleton elements [131]. Among these three 
cytoskeleton components, microfilament is discovered in non-muscle cells, which 
indicates that the mechanical behaviours of the microfilament networks may regulate 
the cellular change and the force generation in cell migration and division [129, 132-
134]. As the principal component of microfilaments, mechanical properties of single 
actin filaments should be focused to understand the mechanical performances of the 
microfilament.  
As the development of experiment techniques in last few decades, scholars 
experimentally studied the flexural rigidity and the Young’s modulus of single actin 
filament by either directly stretching tests [53, 55, 64, 135], or thermal fluctuation 
analysis [56, 58, 65]. By employing the mechanical properties from experiments, the 
continuum beam model has been used to predict the mechanical and thermal 
dynamics performances of single actin filaments and microfilament networks. Based 
on the continuum beam assumption, You et al. presented a mathematical model for 
the strain amplification in the actin cytoskeleton of osteocytes [114], Mogilner and 
Oster proposed a model to explain the force generation by actin polymerization 
[115], Chen and Shenoy explained the myosin II induced strain stiffening of actin 
filament networks [116]. However, the reliability of continuum beam model being 
employed in the predictions on nanoscale is still unclear, and this calls for further 
studies. 
The molecular characterization of the mechanical performances provides a way 
to unravel the physical basis of biological phenomena in living cells [101]. In the 
nanoscale biotechnology, the performance of a structural protein is decided by the 
atomic configuration. With the high resolution atomic configuration of actin filament 
[92, 93], molecular dynamics (MD) simulations are executed on single actin 
filaments, and the structural properties are estimated [103, 105]. Deriu et al. and 
Matsushita et al. independently studied the thermal dynamics behaviours of single 
actin filaments by molecular dynamics and elastic networks model simulation, and 
estimated the mechanical properties of the single actin filaments [106, 107]. 
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However, to the best of our knowledge, the study of direct MD simulations of 
mechanical performances of single actin filaments is limited. 
In this paper, the molecular simulations of mechanical vibrations of single actin 
filaments are conducted to validate the reliability of continuum beam model in the 
nanoscale single actin filaments modelling. Due to the challenge in reaching a fully 
equilibrated atomic configuration of single actin filaments in all-atom MD simulation 
using today’s computational power, it is hard to evaluate the mechanical properties 
directly by MD simulations of the quasi static stretching or bending tests of single 
actin filaments. However, the mechanical vibration, as the dynamics motion, can also 
reflect the mechanical constitutive information of the system. Therefore, in this 
paper, the free vibrations of single actin filaments after direct mechanical excitations 
are investigated by the molecular simulations.  
The MARTINI force field for the molecular simulations of biological systems 
is proposed by Marrink and Mark [108], and has been validated by the results of all-
atom MD simulation [109]. With the MARTINI Coarse Grain Molecular Dynamics 
(CG-MD) technique, the overall particle number can be reduced to only 25% of the 
original atom number, which will significantly save the computational cost. The Fast 
Fourier Transform (FFT) is subsequently applied to the periodic motion information 
from the CG-MD simulations to find out the natural frequencies of the single actin 
filaments. The natural frequencies obtained from the molecular technique are 
compared with the Normal Mode Solution (NMS) of the equivalent Euler-Bernoulli 
beams, and the flexural rigidity and the Young’s modulus can be then evaluated. 
Based on the mechanical properties evaluations from the molecular technique, the 
reliability of continuum beam model can be studied correspondingly. 
3.3 METHODS 
In order to investigate the mechanical performances of single actin filaments, 
the molecular simulation technique is employed in this paper. Numerical simulations 
are conducted to study the mechanical vibration properties of the actin filament 
molecular system by the CG-MD (MARTINI force field) method. The power 
spectrum analysis is used to extract the natural frequencies from the molecular 
simulations. The natural frequencies are compared with those obtained from the 
analytical solutions of the Euler-Bernoulli beam theory, and the flexural rigidity and 
 42 Chapter 3: Molecular Investigation of Single F-actin (Paper 1) 
the Young’s modulus of single actin filaments can be then evaluated. The CG-MD 
simulation technique, the power spectrum analysis and the analytical solutions of the 
natural frequencies based on the Euler-Bernoulli beam model will be detailed in this 
section. 
3.3.1 Atomic structure of the single actin filaments  
The atomic structure of a globular actin is obtained from Protein Data Base 
(PDB) under the ID 2ZWH which is classified in contractile protein family [93]. The 
‘Oda 2009’ actin filament model is developed based on the nature of the globular 
actin to the filamentous actin transition [93] by an original code. There are 13 
globular actin subunits in every actin filament repeat, the rotation for every monomer 
is 166.2o and the length of one actin filament repeat is 35.9nm [95]. The rotation 
mechanism makes the actin filament appear to be a turning right-hand double helix 
structure. Fig. 3-1 shows the detailed configuration of a single filamentous actin 
repeat. 
 
Fig.  3-1. Actin filament repeat built from globular actin (‘Oda 2009’). 13 globular actin monomers 
build one actin filament repeat with the length of 35.9 nm.  
3.4 THE CGMD SIMULATION OF FREE VIBRATION 
The CG-MD simulations (MARTINI force field) are employed on the actin 
filaments with lengths from 50 to 288nm to investigate the mechanical properties of 
single actin filaments, and the molecular simulations are all performed on the 
platform of non-commercial package of GROMACS [136]. 
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The CG-MD simulation is divided into two parts: the simulation of the 
mechanical excitation and the simulation of the free vibration. In the simulation of 
the mechanical excitation, 10 ns CG-MD simulation with a mechanical excitation is 
performed in an NPT ensemble (pressure 1 bar, temperature 303K), in which both 
pressure and temperature are controlled by the Berendsen method [137]. Both of the 
ends of the simulated actin filament are fixed, and a transverse step force (from 75 to 
1500kJ/mol·nm, with respect to the filament length) is applied to excite an initial 
deformation for the free vibration of the filament. Langevin dynamics [138] is used 
in this part to mimic the friction from water. Subsequently, 20-40ns CG-MD 
simulations without external force besides the fixed-fixed boundary condition are 
performed in an NVE ensemble after the mechanical excitation simulation to mimic 
the free vibration of single actin filaments. Note that the free vibration simulations 
are performed in vacuum to avoid the damping effect from water molecules. 
The Root Mean Square Deviation (RMSD) of certain atoms in a molecule with 
respect to a reference structure is defined by least-square fitting [139]: 
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where )( 1tpi  is the position of atom i at the time t, mi is the mass of atom i, N is the 
atom number and the reference structure in this paper is the initial structure (t2=0). 
Because there are millions of freedoms in a complex biological molecular system, it 
is hard to summarize total energy or a single atom’s motion as a vibration signal of 
the whole system’s vibration. However, the system’s homogenized motion 
information can be then evaluated from the value of RMSD. 
The CG-MD simulation in the second part can be taken as the free vibration 
after an initial mechanical excitation has been applied and then withdrawn. With the 
help of the FFT power spectrum analysis, the discrete data with different vibration 
modes from the molecular simulations can be processed to distinguish the vibration 
modes from the complex system motions.  
3.4.1 The NMS of the Euler-Bernoulli beam model  
In the vibration theory, the NMS is the process to solve the frequencies of the 
normal modes of a system known as natural frequencies. To validate the reliability of 
the beam model in the mechanical behaviours prediction of single actin filaments, 
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equivalent beams with the same geometry and material constants of single actin 
filaments are analysed through the NMS of the classic beam model. To be 
comparable with the experimental studies, the radius of the single beam cross section 
is assumed to be 2.82nm, which is the same as literatures [53]. The actin filaments 
simulated in this paper are with lengths from 50 to 288 nm. It is noteworthy that, the 
length of the single actin filament is different from the beam length because the actin 
molecules on the ends of the filament are frozen as fixed boundary condition. 
Therefore, the beam length is shorter than the real filament length. The aspect ratios 
of the equivalent beam model are from 6.9 to 49.1, The Euler-Bernoulli beam model 
is employed to represent the single actin filaments [140]. Fig. 3-2(a) shows the 
equivalent beam model with the same geometry as the single actin filaments. Fig. 3-
2(b) shows the deformed configuration of the beam under the transverse excitation.  
 
Fig.  3-2. Schematic of initial transverse excitation applied on the single actin filament. a: is the 
transverse step force loading on a both ends fixed actin filament. b: is the initial atomic configuration 
after the transverse excitation. The beam length is L and the cross section radius is r; there are 26 G-
actin monomers in this case, and each end has two actins monomers being fixed.  
The analytical NMS of a Euler-Bernoulli beam can be found in Rao’s book 
[141]. For a uniform Euler-Bernoulli beam, the governing equation of free vibration 
is: 
024
4
=− w
dx
wd β      (3-2)
 
where, w is the deflection, and β is a constant for frequency according to the 
boundary conditions. Therefore, the natural frequency f can be calculated for this 
equivalent beam based on its geometry and material constants: 
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where E is the Young’s modulus, I is the moment of inertia of the cross section, ρ is 
the density of the material and A is the area of the beam cross section. L is the 
effective beam length, which is 11nm (the length of four actin molecules) smaller 
than the real filament length as the four actin molecules on the ends of the filament 
are fixed. Note that, EI is defined as the flexural rigidity of the beam. Under the 
circular cross section assumption, the moment of inertia I is supposed to be 4/4rπ , 
where r is the radius of the cross section (2.82nm) [53]. The homogenized constant
Aρ can be estimated by dividing the mass of one filament repeat by the repeat length 
as lNMnA A/=ρ . Where n=13, which is the number of globular actin monomers in 
one repeat of the filamentous actin. AN is the Avogadro’s number, M is the molar 
mass of an globular actin which is 42kDa and l is the length of one actin filament 
repeat, which is 35.9nm. With these constants, ρA is estimated to be 2.53×10-14kg/m. 
The flexural rigidity (EI) and the Young’s modulus (E) of single actin filaments can 
be then evaluated from the NMS results by comparing the natural frequencies 
obtained from the molecular simulations and the corresponding NMS of the Euler-
Bernoulli beam model. 
3.5 RESULTS AND DISCUSSION 
Herein, the molecular technique is employed to characterize the mechanical 
vibrations of single actin filaments. Based on the evaluations of the key mechanical 
properties, we studied the reliability of the Euler-Bernoulli beam model in the 
nanoscale single actin filaments modelling. 
3.5.1 The free vibration of single actin filaments 
The free vibration simulation of CG-MD (MARTINI force field) for the 144nm 
actin filament is specifically extended to 40 ns, which is 20 ns longer than the other 
filament length cases, to study the duration dependency of the characterization result 
from the molecular simulations. The FFT analyses are independently applied to the 
RMSD results within four different free vibration simulation stages, including 0-10 
ns, 10-20ns, 20-30ns and 30-40ns. Fig. 3-3 shows the results of the power spectrum 
analyses obtained from different simulation stages.  
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Fig.  3-3. Power spectrum analyses within different simulation stages of a 144 nm actin filament. The 
results in different simulation stages all present the same natural frequency of 2.53 GHz.  
All the natural frequencies obtained have identical values of 2.53GHz in 
different simulation stages, indicating that the natural frequency is insensitive with 
the simulation time durations. Therefore, the vibration simulation technique 
developed in this paper is reliable during the whole simulation procedure. This is an 
attractive advantage of this technique because the reliable results can be extracted by 
employing a short free vibration simulation time duration (i.e., 10 ns for this case), 
which will significantly save the computational cost. 
Fig. 3-4 shows the deformation configurations of a 144nm single filament at 
different time in the free vibration simulation. In the CG-MD simulation, the step 
force is applied in a short duration of 10ns in the first simulation part of the 
mechanical excitation. As a result of the dynamic excitation, the deformation of the 
single filament is not in the absolute bending status. Based on the deformation 
configurations obtained from the simulation as shown in Fig. 3-4, it can be concluded 
that the initial mechanical excitation has led to the third order free vibration mode, 
and the corresponding natural frequency constant β in Eq. (3.3) is 120.9 [141]. It 
should be mentioned here that the order of the free vibration mode to be excited 
depends on the boundary conditions at the two ends and the external excitation force. 
The third order free vibration mode obtained in this study is because we consider a 
fixed-fixed filament under a transverse step excitation force. 
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Fig.  3-4. The deformation of a both ends fixed single actin filament (144 nm) during free vibration. 
The deformations with respect to simulation time match the third mode shape of free vibration from 
analytical solution.  
The free vibration investigations are performed on different actin filaments 
with lengths from 50 to 288nm. By employing a typical Young’s modulus (2.5Gpa) 
of single actin filaments obtained from experiments [55-58], the analytical solution 
of the natural frequency of these actin filaments can be evaluated using Eq. (3-3), 
which is derived based on the Euler-Bernoulli beam model. Fig. 3-5 shows the 
frequencies evaluated theoretically by the beam model and obtained numerically by 
the CG-MD simulation, respectively. The frequencies obtained by these two 
approaches agree with each other. These identical results indicate that the Euler-
Bernoulli beam model can be a reasonable candidate to describe the mechanical 
vibration properties of single actin filaments. From Fig. 3-5, it can be also found that 
the natural frequencies decrease while the length of the single actin filament 
increases.  
 
Fig.  3-5. Frequency from CGMD simulation compared with the theoretical beam solution derived 
from the NMS of the Euler-Bernoulli beam model. The frequencies are obtained from the first 10 ns 
CGMD simulations of the free vibration of single actin filaments. 
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3.5.2 The reliability of the Euler-Bernoulli beam model 
The numerical characterization technique can also be employed as an effective 
approach for the estimation of the key material properties of single actin filaments. 
Take the flexural rigidity as example, the flexural rigidity of single actin filaments 
can be derived from Eq. (3-3), i.e.,  
2
2
424
β
ρπ fALEI =     (3-4) 
With the provided geometry and material constants of the single actin filament, 
for a 144nm filament, the natural frequency obtained by the CG-MD and the FFT is 
2.53GHz, as shown in Fig. 3-3 and Fig. 3-5. Therefore, the flexural rigidity can be 
calculated using Eq. (3-4), i.e., EI= -261013.3× Nm2. According to literatures, the 
flexural rigidity evaluated from the experimental studies varied between 3 to 
-261010×  Nm2 [55, 56, 58, 107]. The characterization result obtained in this study by 
the molecular investigation of the free vibration is on the same order with the 
experimental results. 
It is noteworthy that, the solution environment is important to the experiment 
results and theoretical evaluations [58]. To avoid the damping effect from water 
molecules in the vibration analysis, in the studies of this paper, the molecular 
simulation of the free vibration is performed in vacuum, while previous experiments 
and thermal dynamics evaluation were taken in solution environment. In other words, 
the undamped free vibration is studied in this paper while previous experiments and 
thermal dynamics evaluation considered an underdamped system. Based on the 
mechanical vibration theory [141], the undamped natural frequency will be larger 
than the underdamped natural frequency, which explains why the flexural rigidity 
obtained from our studies is in the upper limit for the range of the flexural rigidity 
obtained from the experimental studies. 
Single actin filaments were assumed to be Euler-Bernoulli beams on the 
continuum mechanics level to understand the biomechanics of the microfilament 
networks in living cells including strain amplification [114], force generation [115] 
and strain hardening [116]. In order to validate the reliability of the Euler-Bernoulli 
beam model in predicting the mechanical vibration behaviours of single actin 
filaments on nanoscale, mechanical properties of single actin filaments with different 
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lengths are evaluated to investigate the size dependency of the beam model. Fig. 3-6 
shows the flexural rigidity and the Young’s modulus evaluated from the NMS of 
Euler-Bernoulli beam model by using the natural frequencies from the molecular 
simulations with respect to the actin filament lengths. The flexural rigidity, which is 
evaluated based on the Eq. (3-4), increases with the length of the filament and 
converges to 
-261013.3× N·m2 when the length of the single actin filament is on the 
order of hundreds nano meter scale. The Young’s modulus presents a same trend 
which converges to 2.6GPa.  
 
Fig.  3-6. The flexural rigidity and the Young’s modulus evaluations of filaments based on beam 
model. The flexural rigidity converges to 13.3×10-26 N·m2, and the Young’s modulus converges to 
2.6 GPa when the length is on the order of hundreds nano meter scale. 
According to the mechanics of materials, for the continuum material, the 
flexural rigidity and Young’s modulus should not be related to the length of beam. 
However, the mechanical properties of the filaments evaluated from the classic beam 
model do not converge until the beam aspect ratio of the equivalent beam exceeds 
17, which means the Euler-Bernoulli beam model is not applicable when the aspect 
ratio of the single actin filament is less than 17. This is an important finding because 
complex single actin filaments exist with a wide range of lengths in living cells[142], 
and the beam models should be carefully selected to accurately characterize the 
mechanical properties of the single actin filaments whose lengths vary from 
nanoscale to microscale. 
3.6 CONCLUSION 
The mechanical vibration properties of single actin filaments are studied by a 
comprehensive numerical technique based on the Coarse-Grained Molecular 
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Dynamics simulations, the Fast Fourier Transform power spectrum analysis and the 
Normal Mode Solution of the Euler-Bernoulli beam. The frequency results are found 
to have no dependence on the duration of the simulations, which can significantly 
save the computational cost by conducting only short duration molecular simulations. 
For single actin filaments with lengths from 50 to 288 nm, the natural frequencies 
obtained by the numerical simulations match the analytical solutions of the Euler-
Bernoulli beam model, which proves that the continuum beam model can be a good 
candidate in the nanoscale single actin filaments modelling. The evaluations of the 
flexural rigidity and the Young’s modulus agree with those obtained by the 
experiments, Through the study on the convergences of the evaluations with respect 
to the filament length, it can be found that the Euler-Bernoulli beam model can be 
only reliably used for continuum mechanics analyses of single actin filaments when 
the aspect ratio is larger than 17, which is different from the mechanics of traditional 
materials [140]. 
In summary, the investigation of the mechanical vibration provides the 
evidence for the use of continuum beam model in nanoscale single actin filaments 
modelling from the microscopy point of view. The molecular simulation of the 
mechanical behaviours of single actin filaments provides a way to evaluate the 
mechanical properties of single actin filaments which are needed in the continuum 
mechanics level study to predict the performances of the cytoskeleton. It has also 
clarified the criteria of the aspect ratio of the single actin filaments for the effective 
use of the Euler-Bernoulli beam model. This will eventually contribute to understand 
the biomechanics and mechanobiology of the microfilament networks in living cells. 
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4.1 ABSTRACT AND KEYWORDS 
The mechanisms of force generation and transference via microfilament 
networks are crucial to the understandings of mechanobiology of cellular processes 
in living cells. However, there exists an enormous challenge for all-atom physics 
simulation of real size microfilament networks due to scale limitation of molecular 
simulation techniques. Following biophysical investigations of constitutive relations 
between adjacent globular actin monomers on filamentous actin, a hierarchical 
multiscale model was developed to investigate the biomechanical properties of 
microfilament networks. This model was validated by previous experimental studies 
of axial tension and transverse vibration of single F-actin. The biomechanics of 
microfilament networks can be investigated at the scale of real eukaryotic cell size 
(10 µm). This multiscale approach provides a powerful modelling tool which can 
contribute to the understandings of actin-related cellular processes in living cells. 
Keywords: Multiscale; Biomechanics; Microfilament networks; Coarse-Grained 
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4.2 INTRODUCTION 
As an essential component of a cytoskeleton, actin plays critical roles in many 
cellular processes of eukaryotic cells, such as wound healing [128], cellular motility 
[47, 129], and cytokinesis of eukaryotic cells [130]. The mechanisms of force 
generation and transference via microfilament networks was focused on for decades 
in order to understand the mechanobiology of cellular processes in living eukaryotic 
cells. Complex mechanical performances including viscosity, strain hardening, stress 
hardening, and stress softening were discovered in the last few decades [60, 62]. 
Various actin-binding proteins working in concert to regulate the kinetics of 
filamentous actin (F-actin) assembly [110], which significantly affects the 
mechanical performances of microfilament networks. All these discoveries indicate 
that absolute mathematical model is hard to achieve by homogenizing microfilament 
networks as continuous materials without losing biological features of these soft 
tissues.  
Multiscale approaches provide a view of the essential physical basis to allow 
an understanding of biomechanics and mechanobiology of microfilament networks 
from atomic level biophysics analysis [118, 143, 144]. The concepts of bottom-up 
approaches have been proposed to understand mechanical behaviours of single F-
actin and microfilament networks [120]. On molecular level, the molecular dynamics 
(MD) method can describe ultimate motion phenomena of living systems in terms of 
chemistry and physics [101]. However, due to the limitation of computer power, 
Coarse-Grained (CG) level investigation abstracted from all-atom MD simulations is 
necessary to unravel the biological complexity from the physical basis [145]. Chu et 
al. and Deriu et al. independently proposed CG models of single F-actin based on 
structural features of globular actin (G-actin) by thermal dynamics matching methods 
[121, 122]. Shimada et al. introduced a serial linear spring model for F-actin 
dynamics based on the Brownian dynamics method [123]. Ji and Feng proposed a 
CG model for dynamics simulation of microtubules which is another important 
mechanical component of the cytoskeleton in living cells [89]. However, the 
potential functions in these models were simplified to be harmonic potential or 
Lennard-Jones (LJ) potential, which are hard to describe the special nonlinear 
constitutive relations between adjacent G-actin monomers.  
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In order to meet the requirements of the complex constitutive laws of soft 
matter, such as protein fibers, Buehler proposed a multiscale method to investigate 
the biomechanics of alpha-helical intermediate filament networks based on 
constitutive relations that are extracted from all-atom MD simulation and 
experiments [146]. By employing this method, Ackbarow et al. explained self-
protective features of alpha-helical protein networks [83], and Cranford et al. 
successfully explained the superior performances of spider silk webs [147]. 
However, single F-actin presents a right-handed double-helical structure and the 
mechanical behaviours are different from those alpha-helical protein filaments.  
In this paper, a hierarchical multiscale strategy is specifically designed to 
investigate the biomechanical behaviours of microfilament networks based on 
nanoscale biophysics investigations of G-actin clusters. Molecular simulations were 
conducted to extract the constitutive relation between adjacent G-actin clusters. A 
multiscale bead model for F-actin was then developed as a bridge between nanoscale 
biophysics and microscale biomechanics, which follows the constitutive relations 
from molecular simulations. This model was first validated by tensile experiment 
results of single F-actin from literatures and was then employed to investigate the 
stretching of a single layer microfilament networks at microscale. 
4.3 MULTISCALE BEAD MODEL 
Fig. 4-1(a) shows the Oda 2009 F-actin model [94], which was used in this 
research to extract the constitutive relations between adjacent G-actin clusters in 
molecular simulations. A new multiscale bead model for F-actin is proposed based 
on the interaction between neighbouring actin molecules from Martini level 
molecular dynamics (MD) simulations, as shown in Fig. 4-1(b). Finally, this model 
was applied to a two-dimensional microfilament network to explore biomechanics 
properties of microfilament networks, as shown in Fig. 4-1(c). 
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Fig.  4-1. The multiscale approach for microfilament networks. a: Crystallography of Oda 2009 G-
actin model, there are two G-actin monomers in an elementary bead. b: A single F-actin constructed 
from Oda 2009 G-actin model following the nature from G-actin to F-actin [93]. c: Part of an 
idealized two-dimensional microfilament network in rectangular shape. 
4.3.1 Coarse-grained (CG) serial bead model 
A coarse-grained (CG) serial bead model for biomechanics analysis was 
proposed, in which detailed chemistry information inside G-actin monomers was 
neglected, and only the mechanical interactions between different monomers were 
focused on.  
By observing the double helix atomic structure of single F-actin, as shown in 
Figs. 4-1(a) and 1(b), every G-actin monomer was found to be related to its 
neighbouring G-actin monomers on both helix chains. The F-actin is simplified to be 
a string of mass beads with longitude and rotation freedoms. Every two neighbouring 
G-actin monomers from different helix chains were simplified as one mass bead. 
This simplification strategy can avoid losing double helix structural features of F-
actin. The molecular sliding between the neighbouring G-actin monomers is included 
in the general deformation between the virtual mass beads. From a common-sense 
observation of all-atom MD simulation, cut-off distance for non-bonded interactions 
between atoms is usually under 2nm [148]. However, distances between non-
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neighbouring G-actin monomers are more than 5nm, which is much larger than the 
typical cut-off distance in MD simulations. Therefore, the long range interactions 
between non-neighbouring G-actin monomers are negligible during molecular 
simulations. 
Fig. 4-2 shows the mechanisms of this CG serial bead model. The equilibrium 
distance between adjacent beads is 5.529nm according to crystallography of F-actin 
from X-ray diffraction experiments [93]. The balance angle for angular potential in 
the crystallography of single F-actin is not absolutely 180o according to the X-ray 
diffraction characterization. However, in order to simplify the simulation model, 
180o was employed as the average balance angle on the long right-handed double 
helix structure.  
 
Fig.  4-2. Schematic of the CG serial bead model. Every bead in the lattice has two adjacent beads in 
longitudinal direction, between which tensile relation is applied. Rotational constraint is defined 
within three adjacent monomers on the same filament. 
4.3.2 Biophysics investigation of the constitutive relations 
In order to employ the CG serial bead model to represent microfilament 
networks, relative constitutive relations between neighbouring beads need to be 
extracted. MD simulation technique at Martini [109] level was employed in this 
paper to extract constitutive relations between adjacent beads in this model. As the 
detailed conformation changes inside G-actin monomers were not focused on in this 
study, Martini level MD simulation presents more efficiency comparing to all atom 
MD simulation. 
Molecular simulations were performed with Gromacs [136]. Four G-actin 
monomers were divided into two groups in the MD simulation model, and the CG 
water model [109] was employed in a 6nm×6nm×20nm simulation box with periodic 
boundary conditions, as shown in Fig. 4-3. Firstly, 10ns relaxation was performed in 
an NPT ensemble (pressure 1 bar, temperature 303K), in which both pressure and 
temperature were controlled by the Berendsen method [137]. In the steered MD 
simulations, different couples of constant pulling forces with opposite directions 
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were then applied on the two G-actin groups for 20ns to mimic tension, compression, 
and rotation processes. The time steps are all 4fs to stabilize the molecular 
simulations. The physiological limit of single F-actin for living cells is under 300pN 
[64], however, the loads in our simulations were up to 1000pN to expand the scope 
of this theoretical model. The bead distances in different loading cases were averaged 
on the simulation results in the last 10ns, during which the thermal fluctuation of the 
mass bead is stable.  
 
Fig.  4-3. The model box in molecular simulations. Points in cyan are water molecules. The four G-
actin monomers, numbered from i to iv in different colors, are divided into two groups (i & ii and iii & 
iv), which are correspondingly abstracted as two beads in the multiscale bead model. 
The illustration of the longitude loading process and constitutive relation 
results are shown in Fig. 4-4. It was found that the force-deformation curve between 
these two beads can be divided into five linear proportional regions. In the 
compression region, where the applied force F was negative, there was only one 
stiffening transition (point A) when the distance between neighboring beads is 
5.51nm. The balance distance is 5.529nm (point B), which makes the length of one 
F-actin repeat 35.94nm. However, in tension region, there were both stiffening and 
softening transitions (point C and D). The stiffness between these two individual 
beads increased from the preliminary 9.59×103pN/nm to 5.52×104pN/nm when the 
distance between them became 5.546nm (point C). However, the stiffness will 
decrease to 4.16×103pN/nm when the distance increases to 5.556nm (point D). 
Rotation tests present a similar force-deformation trend. However, there was no 
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significant stiffening or softening transition in the rotation process. Rotational 
stiffness is characterized as 1.06×105pN·nm/rad, according to the simulation results.  
 
Fig.  4-4. The constitutive relation in tensile and compression numerical simulations. In compression 
region, there is a stiffness transition at 5.512nm. The balance distance between different beads is 
5.529nm. In tension region, there are two stiffness transitions respectively at 5.546nm and 5.556nm. 
Transitions points are correspondingly marked as A, B, C and D. 
The interactions between adjacent beads follow these constitutive relations, 
which are extracted from molecular simulations under different loading conditions. 
Detailed force field parameters with respect to relative positions of adjacent beads 
can be characterized from the constitutive relations, (in Supplementary Material).  
As a multiscale strategy, the CG model proposed in this paper only reveals the 
mechanical behaviour of actin filaments. The freedoms for every CG bead are 
simplified to be only longitudinal and rotational. The sliding between opposite 
strands on F-actin occurs when the F-actin is under torsion, whose effects to the 
tension and bending of single actin filament is phenomenologically included in the 
longitudinal and rotational deformation.  
4.4 VALIDATION AND APPLICATION 
This multiscale model was employed initially to investigate tension and 
vibration behaviours of a 1.1µm single F-actin, and the results can be validated by 
experimental studies of tensile and bending vibration properties of single F-actin 
from the literature. After validation, this newly developed model will be employed to 
investigate the stretching of a single layer microfilament network with dimensions of 
4.43µm × 9.93µm.  
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4.4.1 Tensile test on single F-actin 
The tensile stiffness of single F-actin under physiological limits was directly 
tested using the micro-needle array technique [53], micro-fabricated cantilever 
technique [64] and optical trap technique [55]. In order to validate the multiscale 
model proposed in this paper, a single F-actin with a length of 1.1µm, which consists 
of 200 beads, was stretched with different engineering strain rates from 2-10/fs to 5-
10/fs based on the multiscale bead model. The simulations were performed with the 
package of Lammps [149] with the aforementioned force field table whose crucial 
parameters can be found in Supplementary Material. The simulations were 
performed in NVT ensemble at 303K. Langevin dynamics [150] are adopted in the 
CG simulation to consider the friction from putative solvent. 
Fig. 4-5 provides force-deformation relations during these numerical 
stimulations. While pulling force was under the physiological limit, the stiffness 
extracted from simulations for a 1.1µm F-actin was from 39.81 to 60.04pN/nm. The 
stiffness per unit length (1µm) of F-actin under different loading strain rates 
corresponded between 43.79pN/nm and 66.04pN/nm. The stiffness of a single F-
actin has dependence on loading strain rate according to simulation results. A higher 
loading strain rate leads to a higher stiffness, which is similar to traditional materials. 
According to mechanics of materials, a lower loading strain rate is close to quasi-
static loading cases [151]. The lower limit of the stiffness from these simulation 
cases was 43.79pN/nm, which is under small loading strain rate condition. This 
stiffness result is close to experimental explorations. The detailed comparison can be 
found in Table I. The simulation result is identical with experimental results in 
tensile tests, indicating that this multiscale model is accurate and effective for the 
analysis of axial stretching of single F-actin when the mechanical deformation is 
small.  
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Fig.  4-5. Force-deformation relation during simulations of the tension of a 1.1µm single F-actin. a: 
Stiffening and softening strains all have dependence on loading strain rate. b: When loading strain is 
under the physiological limit (the linear region at the beginning of the tensile tests), the stiffness 
evaluation agrees with experimental results. The blue area represents the stiffness region of single F-
actin (1.1µm) based on experimental results [53, 64]. 
 
Table 4-1 The stiffness evaluation by experiments and the multiscale model in this paper. 
Method Stiffness (pN/nm) 
Mechanical measurements [57] 45~67 
Micro-needle array [53] 43±4.6 
Micro-fabricated cantilever [64] 34.5±3.5 
Multiscale model 43.79~66.04 
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4.4.2 Bending vibration of single F-actin 
The bending performance of F-actin directly affects the transverse thermal 
fluctuation of microfilament networks. However, direct bending tests of F-actin is 
hard to be carried out. In order to validate the capability of this multiscale model in 
the prediction of F-actin bending behaviours, the natural frequency of F-actin 
bending vibration was studied by numerical simulation in this paper. We have 
previously explored the bending vibration properties of F-actin by Martini MD 
simulation to validate the capability of beam model in continuum mechanical 
modelling of F-actin [152]. Based on Euler-Bernoulli beam theory, the theoretical 
solution of the natural frequency f of a circular cross-sectional F-actin is: 
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where βL is the natural frequency constant regarding boundary conditions, E is the 
tensile modulus of F-actin, r is the radius of F-actin, ρ is the density of F-actin and L 
denotes the length of filament. It should be noted that the force field parameters were 
extracted by Martini MD simulations, in which explicit water molecules were 
employed to avoid the unrealistic G-actin morphology changes in vacuum. These 
force field parameters directly reflect the constitutive law of single actin that is not 
significantly affected by the water environment. However, the morphology for each 
bead is solid sphere in the multiscale model, and we were only aiming to validate this 
multiscale model by vibration tests of single actin filaments in vacuum. Hence, the 
water environment should not be included to avoid damping effects, and the effects 
of water molecular on the force field parameters were neglected. If this multiscale 
model is used to characterize the vibration of single actin filaments in water, 
Langevin dynamics is necessary to implicitly consider the friction from water.  
By employing typical tensile modulus (E=2.5GPa) and radius (2.8nm) of F-
actin [55, 56], the analytical solution of the natural frequency of these actin filaments 
can be evaluated using Eq. (4-1). More detailed material constants and beam solution 
of actin filament transverse vibration were described in literature [152]. The granular 
simulation strategy for the characterization of F-actin vibration properties is similar 
to metal nanowire [153]. Half sinusoidal profile velocity excitation was applied on 
the F-actin to obtain the first order vibration mode, which can be found in Fig. 4-6. 
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The natural frequency constant βL for the first order vibration of double clamped 
beam is 4.73 [141]. 
Fast Fourier transform (FFT) algorithm was employed to capture the lowest 
natural frequency f from the discrete potential energy output. The natural frequency 
results explored by the multiscale model proposed in this paper were compared with 
the Euler-Bernoulli beam solution in Fig. 4-6. The multiscale characterization is 
close to the theoretical solution based on Euler-Bernoulli beam model, which proves 
the capability of this method in obtaining the transverse deformation of single F-
actin. 
 
Fig.  4-6. The first order natural frequency of double clamped F-actin from 50 to 300nm, square dots 
represent the results from the multiscale method proposed in this paper and circular dots represent the 
theoretical solution of Euler-Bernoulli beam. 
4.4.3 Stiffening and softening of rectangular microfilament networks 
The mechanical properties of microfilament networks are difficult to describe 
by direct mathematical equations like macroscale continuum materials[154]. In order 
to predict the complex mechanical performances of microfilament networks from the 
crystallography of F-actin, this newly developed multiscale model was employed to 
study a microfilament network at microscale. For simplification, a two-dimensional 
rectangular network was adopted in this study. More complex three-dimensional, 
randomly distributed, wormlike F-actin can be built with the same force field 
parameters, which will be our future work. The microfilament network analysed in 
this paper was 4.43µm×9.93µm, which is at the scale of real eukaryote cell size. The 
thickness of this microfilament network was assumed to be the diameter of G-actin 
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monomer, which is 5.64 nm[53]. The loading strain rate was controlled at 2×10-10/fs, 
which is small in molecular simulation to model the quasi-static loading. The tensile 
modulus can be derived from 
A
KlE = , where 
l
Fk
∂
∂
= is the stiffness of microfilament 
network, which is derived from the multiscale simulation directly. L (4.43µm) and A 
(0.056µm2) respectively denotes the original length and cross section area of this 
two-dimensional network. There were 16,965 beads in the simulation box, and the 
simulation was performed on Lammps under the same simulation conditions as the 
stretching of single F-actin. Fig. 4-7(a) shows the geometry of this single layer 
microfilament network. Force-deformation relation of this microfilament network 
and the tensile modulus with respect to engineering strain/stress obtained from 
simulation are presented in Figs. 4-7(b) through 4-7(d), respectively. It is noteworthy 
that the crosslinkers on the network in this paper were conducted with the same 
mechanical properties of G-actin monomers. Further development should be made 
regarding the mechanical properties of these actin binding proteins, such as ARP2/3, 
α-actinin, Fascin, and et al [155]. 
 
Fig.  4-7. The tensile performance of a 4.43µm×9.93µm microfilament networks. a: geometry of the 
networks and the loading illustration; b: force-deformation relation, which is similar to single F-actin 
simulation results; c: the strain stiffening and softening; d: the stress stiffening and softening. 
 Chapter 6: Multiscale Model for F-actin CSK (Paper 2) 67 
Both stiffening and softening of microfilament networks in different loading 
stages were discovered recently by highly-developed experimental techniques [60, 
62]. With the multiscale model proposed in this paper, stiffening and softening 
phenomena can be investigated and predicted theoretically, as shown in Figs. 4-7(c) 
and 7(d). In the stage of low loading strain, the tensile modulus of microfilament 
networks remains constant. The tensile modulus will increase correspondingly after 
the strain exceeds 0.3% or the stress exceeds 0.03MPa, which means strain stiffening 
takes place when the loading strain approaches a critical value. However, the 
increment of tensile modulus will decrease while loading strain increases. When 
loading strain reaches 0.6%, the stiffness drops to 5MPa. Softening of microfilament 
networks will happen after a stiffening stage, and the corresponding softening stress 
is 0.135MPa for this two-dimensional microfilament network. These theoretical 
evaluations of these nonlinear properties provide clues to understand the mechanical 
performances of microfilament networks in living cells.  
To the best of our knowledge, the largest scale of all-atom molecular 
simulations for single F-actin is at the hundred-nanometre scale. With the multiscale 
bead model proposed in this paper, it is possible to conduct simulations to explore 
the mechanical properties of microfilament networks at the microscale, which still 
follows the intrinsic physics basis of G-actin molecules. 
The engineering strain of single actin filaments is less than 1% in this 
multiscale model, which is close to experimental results[53, 65]. It should be noted 
that the external loading in MD simulation is extended to 1000pN in this paper, 
which is already higher than the physiological limit (approximately 300pN). This 
deformation of single actin filaments is smaller compared to microfilament networks 
deformation (more than 10%[62]) that is mainly caused by the reorganization of 
dendritic network structures. Further MD simulations and experiments should be 
investigated to study the large deformation and damage of single actin filaments 
under mechanical loadings, which can contribute to the understandings of the rupture 
mechanism of microfilament networks. 
4.5 DISCUSSION  
Biphasic models based on continuum mechanics theory were proposed to 
investigate the mechanical behaviours of actin gel in solution based by homogenizing 
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the actin cortex in living cells[111]. However, later studies proved that the 
mechanical behaviours of microfilament networks are complex physiological 
processes related to architecture and chemical components of microfilament 
networks. All these fascinating physiology features of microfilament networks lead 
to self-protective properties and functional features of microfilament networks. Due 
to the difficulties in abstracting all these complex features to pure mathematical 
presentations, we proposed this multiscale model from a molecular point of view to 
explain and predict the mechanical behaviours of microfilament networks in living 
cells. This multiscale model provides the fundamental constitutive mechanical 
relations between adjacent protein beads on F-actin to unravel physiological mystery 
from a physical basis. 
Wachsstock et al. proved that dynamics of networks crosslinkers can affect the 
mechanical properties of microfilament networks[113], and Gardel et al. discovered 
that the density of crosslinkers is also quite crucial to the stiffness of microfilament 
networks[61]. The crosslinkers in the microfilament networks consist of many 
different proteins, whose mechanical performances are still unclear[155], thus they 
are assumed to have the same mechanical properties as G-actin monomers. Further 
investigations of the mechanical properties of crosslinkers should be conducted for 
more accurate prediction. 
It should be noted that although the stretching simulations on a two-
dimensional network can predict strain/stress hardening and softening phenomena of 
microfilament networks, there is still not a full understanding of the cryptic 
physiological phenomena of microfilament networks in living cells. The stiffening 
and softening phenomena of microfilament networks in living cells are not results of 
only material properties, but also complex physiological processes including 
dynamic F-actin binding by crosslinkers[156] and protein motors inducement, such 
as m 
yosin II[157]. This proposed hierarchical multiscale model of actin filaments 
can represent the fundamental constitutive mechanical performances of 
microfilament networks, different crosslinker rupture mechanisms and 
biomechanical contribution from protein motors are needed in the future to 
understand more complex physiological performance of microfilament networks.  
 Chapter 6: Multiscale Model for F-actin CSK (Paper 2) 69 
The mechanobiology of microfilament networks also has dependence on the 
architectures of microfilament networks and the functions of actin-binding proteins. 
Three dimensional randomly distributed microfilament networks model should be 
developed in future for better understandings of the biomechanical properties of 
microfilament networks. It should also be noted that special features with respect to 
the structural contributions of actin-binding proteins should be added to this 
fundamental multiscale approach to investigate the mechanobiology of 
microfilament networks. 
4.6 CONCLUSION 
Based on constitutive relations extracted from molecular simulations for a 
single F-actin, a hierarchical multiscale model is proposed as the bridge between 
nanoscale biophysics and microscale biomechanics to investigate the mechanical 
properties of microfilament networks at microscale.  
This multiscale bead model was first validated by the results of single F-actin 
tensile experiments and transverse bending vibration properties. The tensile stiffness 
and the bending vibration properties of single F-actin evaluated by this hierarchical 
multiscale model agrees with experiment results and analytical models from 
literatures. According to multiscale simulations of the stretching of a single layer 
microfilament network (4.43µm×9.93µm), the microfilament networks present both 
strain stiffening and softening in different stretching stages. This means the stiffening 
and softening of actin structure are not only results of the dynamic binding of actin 
filament and the inducement of protein motors, but also a constitutive material 
behaviour of single actin filaments. This multiscale approach provides a numerical 
tool which can contribute to the investigation of the biomechanics of microfilament 
networks from a molecular point of view. Further models about actin crosslinker 
properties and thermal fluctuation of wormlike F-actin can be developed to predict 
the dynamic responses of dendritic microfilament networks under extracellular 
imposed forces. 
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4.8 SUPPLEMENTARY MATERIAL 
4.8.1 Part I: Biophysics investigation of the rotational stiffness 
As described in the paper, following exactly the same molecular dynamics 
(MD) simulation conditions, pulling forces with opposite directions are applied in the 
rotational direction, as is shown in Fig. 4-8. There is a force of 2F applied on the 
middle bead, and separately two single forces of F are applied on the beads at the 
ends. As the loading condition is symmetric, semi structural analysis is selected to 
save the computational cost. To simplify the model, the balance angle is abstracted as 
180o to present the overall averaging balance angle even though the balance angles 
are not absolute 180o case by case due to the double helical structure. 
 
Fig.  4-8. The schematic of rotational tests for the characterization of the rotational stiffness. 
The force-rotation relation is provided in Fig. 4-9. By fitting the results from 
the rotational simulations, a linear rotational force-deformation relation can be 
extracted. The rotational stiffness can be therefore evaluated. By using balance 
distance d in the tensile test, which is 5.529 nm, the moment caused by the rotational 
loading conditions can be expressed as: 
θ2cos××= dFM      (4-) 
where F is the applied force, d (5.529 nm)is the balance distance between the 
different groups, and θ is the rotation. 
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Fig.  4-9. The evaluation of the rotational stiffness with respect to the rotation. The rotational stiffness 
is characterized to be 1.06×105 pN·nm/rad. 
4.8.2 Part II: Characterization of the force field table 
As described in the paper, there are two freedoms which are considered in the 
force field selected for actin filament networks simulation: bond potential function 
and angular potential. In LAMMPS [149], the linear search potential table is 
employed to present the complex nonlinear bond force between different particles. 
However, for the rotational stiffness, the potential function is reasonable to be 
simplified as harmonic potential which is already illustrated in Fig. 4-9. 
The bond potential between these two adjacent beads is divided into five 
regions, which is hard to be simplified as harmonic potential functions. The function 
of Table Potential with linear search method in LAMMPS [149] package is 
employed to present the complex nonlinear mechanical constitutive relations 
between different beads. The force and potential with respect to the bead distance are 
shown in Figs 4-10 and 4-11. There are different stiffening and softening transitions 
on these curves. The critical constants are shown in table 1. 
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Fig.  4-10. The interaction force between the beads with respect to the bond length. There are several 
different transitions including both stiffening and softening transitions on this curve.  
 
Fig.  4-11. The potential between the beads with respect to bond length between different beads. At 
the balance point, where the bond distance is 5.529 nm, the potential will become zero as the static 
equilibrated state. 
Table 4-2 Critical force field constants for the multiscale bead model 
Distance  
(Angstrom) 
Stiffness 
(kcal/mol·Angstrom2) 
r1=54.00  97.53 
r2=55.12 9.39 
r3=55.29 13.81 
r4=55.56 79.50 
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It should be noted that the points of the simulation results to characterize the 
nonlinear force field are scattering due to the chaos from the thermal dynamics 
calculation in MD simulation. The fitted curve excluded these chaoses from the 
thermal dynamics loading (temperature). As this multiscale bead model is designed 
preliminary for mechanical behaviours prediction, the thermal dynamics properties 
with respect to this temperature, which is 300K in these simulations, are contained in 
the force field abstracted from the MD simulations. If the working temperature is 
changed, the force field constants should be changed correspondingly.  
For the angular potential, because there are no significant nonlinear mechanical 
behaviours in the results from the simulations, the potential function is defined in the 
harmonic style. The balance angle is 180o by averaging all the angles between beads 
on the same filament. The force field constant angk  can be then evaluated from the 
rotational stiffness which is already introduced in the previous part: 
2
0 )(∫ −= θθθ angkMd      (4-3) 
where M is the rotational moment, 0θ  is the balance angle which is assumed to be 
180o, and the angk  can be characterized to be 7.63×10
3 kcal/mol·rad2 according to the 
simulation results. 
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ABSTRACT AND KEYWORDS 
As all-atom molecular dynamics method is limited by its enormous 
computational cost, various coarse-grained strategies have been developed to extend 
the length scale of soft matters in the modelling of mechanical behaviours. However, 
the classical thermostat algorithm in highly coarse-grained molecular dynamics 
method would underestimate the thermodynamic behaviours of soft matters (e.g. 
microfilaments in cells), which can weaken the ability of materials to overcome local 
energy traps in granular modelling. Based on all-atom molecular dynamics modelling 
of microfilament fragments (G-actin clusters), a new stochastic thermostat algorithm 
is developed to retain the representation of thermodynamic properties of 
microfilaments at extra coarse-grained level. The accuracy of this stochastic 
thermostat algorithm is validated by all-atom MD simulation. This new stochastic 
thermostat algorithm provides an efficient way to investigate the thermomechanical 
properties of large-scale soft matters. 
Keywords: Thermomechanical, Coarse-grained, Microfilaments, Actin, Soft matter  
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5.1 INTRODUCTION 
Instead of relatively rigid materials that can be characterized in classic 
mechanics, soft matters consists of flexible material components whose mechanical 
performances can be significantly affected by its thermodynamic behaviours [158]. 
Molecular modelling approach provides a suitable way for the modelling of soft 
matters based on the truth that the internal entropic motion is benefiting the 
macroscale mechanical behaviours [159]. However, the length scale of soft matters 
in all-atom (AA) modelling is only hundreds of nanometres [160], which is limited to 
explore the overall performance of soft matters that consist of enormous randomly 
crosslinked chains/fibres at microscale. In order to enlarge the length scale of soft 
matters modelling, different coarse-grained (CG) strategies have been developed to 
describe the mechanical deformation of both organic and inorganic materials in terms 
of chemistry and physics [89, 161, 162].  
Depending on the research objectives, there are two main strategies to develop 
corresponding CG modelling parameters: thermodynamic matching [121] and 
mechanical properties matching [12]. In order to guarantee the reliability of 
mechanical modelling of soft matters, we herein discuss the later strategy specifically. 
As a typical organic soft matter, microfilament is specifically investigated in this 
paper as a typical application. Microfilament network plays critical roles in 
eukaryotic cellular processes such as cell cytokinesis, spreading and migration [130], 
determining the fate of living cells [8, 14, 163]. in-vivo biomechanics experiments on 
single microfilaments are difficult to be carried out at molecular level due to the 
limits of experimental techniques and ethical constraints. Molecular dynamics (MD) 
simulation has been developed to reveal the conformational changes in actin 
monomers, which provides insights into the molecular mechanisms of the 
metabolism in association to microfilaments dynamics [104]. A large scale coarse-
grained (CG) strategy for microfilaments modelling has been proposed to study the 
mechanical properties of microfilament networks at microscale [12]. Each simulation 
bead in this CG model is made up of two neighbouring G-actin monomers and the 
mechanical deformation of microfilament networks are evaluated based on the 
interaction between simulation beads. In this CG modelling strategy, there is no need 
to adjust the force constant with respect to the effective bond lengths, and the 
mechanical behaviours of microfilament are to uncomplicated be unified with AA-
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MD characterization by defining proper force constants between simulation beads 
[12]. However, each bead in this CG strategy consists of more than 700 amino acids, 
which is far more than the typical ‘one-bead’ CG strategy whose simulation bead 
only represents one amino acids [74]. The thermal dynamic information of each 
physical atom in AA modelling is described by energy equipartition theorem [137], 
in which the mean kinetic energy of each harmonic solid can be directly derived as,  
TkE Bk 2
3
=      (5-1) 
where kB is the Boltzmann constant and T is the absolute temperature of thermal bath, 
Ek is the kinetic energy of the high frequency harmonic motion of simulation beads. 
These random motions of single atoms due to entropic energy can lead to both the 
structural disorder and the random movement of G-actin monomers, which are 
potentially obscured on the simulation beads in CG modelling strategy. Hence, it is 
arguable whether CG model can fully reveal the thermal dynamic motions of 
microfilaments by directly implementing the classical thermostat algorithm, i.e., Eq. 
(5-1). The thermodynamic motions of microfilaments, e.g. thermal fluctuations, can 
lead to wormlike configurations of microfilaments, which is significant to the 
biological activities and mechanical deformation of microfilaments [164]. An 
efficient thermostat algorithm in CG modelling of microfilaments is crucial to assist 
the theoretical exploration of the biophysical properties of cell structures (e.g. 
filopodia and lamellipodia) at microscale, where AA-MD characterization is difficult 
to be applied due to its computational cost. 
In this paper, by analysing the thermodynamic behaviours of microfilaments, 
we investigate the ability of classical thermostat algorithm for the characterization of 
internal dynamic motions of microfilaments in association to the mechanical 
deformation modelling. A new stochastic thermostat algorithm is therefore proposed 
and implemented in a large-scale CG modelling strategy to estimate the 
thermomechanical properties of microfilaments with respects to its hierarchical 
structures. 
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5.2 THERMODYNAMIC CHARACTERIZATION OF MICROFILAMENT 
FRAGMENT 
In order to investigate the difference of thermodynamic predictions between 
AA and CG molecular dynamics (MD) simulation of microfilament, a small 
fragment of microfilament that consists of only four G-actin monomers are at first 
studied. The F-actin crystallography 2ZWH [93] is adopted in the AA-MD 
characterization. The AA simulations are performed in Gromacs [165] with the force 
field of all-atom optimized potentials for liquid simulations (OPLS-AA) [166] in 
isothermal–isobaric (NPT) ensemble at the temperature of 303K (Berendsen method 
[137]) and the pressure of one bar (Parrinello-Rahman method [167]). Simple point-
charge (SPC) water model [168] is used to explicitly consider the effects from 
solvent environment. The time step of AA-MD simulation is 2 femtoseconds and the 
simulation duration is 100 picoseconds. The longitudinal stiffness of a single 
microfilament is 43pN/nm [53] and the angular stiffness is 5.3×104pN·nm/rad2 [12]. 
The equilibrium distance between simulation beads is 5.6nm and the equilibrium 
angle between adjacent bonds is 180o. The CG-MD simulations are performed in 
Lampps [149] by utilizing the aforementioned harmonic potential energy equation. 
The temperature in CG-MD simulation is controlled at 303K by Langevin dynamics 
[150]. In the Langevin dynamics algorithm, two terms are added to the force 
calculation on each particle: viscous damping term due to solvent and a randomly 
bumping term due to temperature. The combination of these two terms is
dBdd dtCTmkCmvF +−= . Where, m is the mass of particle, v is the velocity of 
particle, dt is the time step. Cd is the damping factor with a time unit, which 
determines how rapidly the temperature is relaxed in the simulation. This Cd is the 
only flexible parameter that needs to be set up in the simulation. This parameter has 
dependency on the natures of both solvent and material particle. Based on the 
viscosity of water at 303K and the mass/diameter of G-actin clusters, Cd is estimated 
to be 1fs. The time step and modelling time in CG-MD simulation are all the same 
with AA-MD simulation. All the molecular visualization work are finished by using 
visual molecular dynamics (VMD) [169]. 
Fig. 5-1 provides the illustration of the aforementioned simulation models of 
microfilament fragment (both AA and CG level) and compared the longitudinal 
thermal fluctuation results from AA and CG level MD simulations. The 
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configuration of microfilaments is rapidly equilibrated by using the CG modelling 
strategy for microfilaments. The molecular simulation model is simplified from 163 
thousands atoms (AA-MD simulation) to only two mass beads (CG-MD simulation, 
which saves enormous computational resources). However, the variation of filament 
length with regards to modelling time in CG-MD simulation is not significant 
compared to AA-MD simulation, which indicates that the thermodynamic motion of 
microfilament fragment is mostly missed in CG-MD simulation. This oversimplified 
CG-MD modelling technique with classical thermostat algorithm is sufficient to 
obtain stable conformation of microfilament fragment under mechanical boundary 
constrains [12], but inadequate in predicting the longitudinal thermal fluctuations. 
These results validated our concerns in the thermomechanical characterization of 
microfilaments by utilizing a highly CG modelling strategy.  
 
Fig.  5-1. The clusters distance in AA-MD (blue solid circle) and CG-MD (red hollow circle) 
simulations. The AA-MD simulation is finished by using 12 CPUs on HP Z600 workstation (Intel 
X5620, 2.67CHz) and the CG-MD simulation is finished by using single processor (Intel E8600, 
3.3GHz). The calculation time for AA-MD simulation is 2 hours and four minutes, while the CG-MD 
simulation takes less than one second.  
The force applied on each atom in the molecular system includes the 
interatomic action force, the damping effects from solvent and the random bumping 
due to temperature. Compared to the AA model of a molecular system, the 
interatomic forces and damping effects are similar to that in AA model based on the 
nature of these two terms. However, the temperature bumping effects present a 
different characteristic. All the atoms in one CG particle have their unique velocity 
vectors that are randomly distributed. Molecular resonance (violent oscillation of CG 
particles) will take place when the random velocity vectors of atoms present similar 
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patterns in the same CG particle. The molecular resonance can increase the intensity 
of thermal fluctuation of particles in the modelling of soft matters. This characteristic 
=results in the difference of fluctuation prediction in AA and CG models, but cannot 
be described directly by the classical theorem of energy equipartition (i.e. Eq. (5-1)). 
Specific thermostat algorithm for this CG modelling strategy is needed to accurately 
predict the thermodynamic behaviours of microfilaments related cell structures at 
microscale. 
5.3 NEW STOCHASTIC THERMOSTAT ALGORITHM 
The kinetic energy of G-actin clusters mass centre, which directly reflect the 
thermodynamic of G-actin clusters, is quantified by both CG-MD and AA-MD 
simulations to understand the law of G-actin clusters dynamics in MD simulations. 
Based on these molecular investigations, a new stochastic thermostat algorithm for 
large-scale CG-MD modelling of microfilament is proposed to improve the quality of 
thermomechanical characterizations. 
5.3.1 G-actin clusters kinetic energy  
The theatrical fundaments of actin clusters kinetic energy evaluation in both 
CG-MD and AA-MD simulations will be detailed in this section. In CG-MD 
simulation, the mean kinetic energy of each single G-actin cluster is defined as in Eq. 
(5-1). A dimensionless factor, kt, can be calculated as a kinetic energy ratio to 
estimate the accuracy of thermostat algorithm, i.e. 
Tk
Ek
B
k
t 3
2
=       (5-2) 
For direct CG-MD technique, this variable kt is a constant of one, which is not 
changing during the whole simulation process. In AA-MD simulations, the 
Newtonian kinetic energy of G-actin cluster mass centre can be extracted from the 
co-momentum of all atoms that belong to this G-actin cluster: 
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where M is the overall mass of a G-actin cluster (84 kDa) and V

 is the overall 
velocity vector of cluster mass centre. mi and iv
  respectively denotes the mass and 
velocity vector of atom i in the n atoms G-actin cluster.  
Two simulation models, which respectively include one and four G-actin 
clusters, are adopted to track the thermodynamic motions of G-actin clusters in 
solvent. Fig. 5-2 provides the illustration of these two simulation models. The 
molecular simulations are of the same temperature and pressure parameters with 
aforementioned AA-MD simulations in last section. 
 
Fig.  5-2. The different simulation models of AA-MD microfilament thermal fluctuation simulations 
which respectively include one and four G-actin clusters. The cyan dots represent water molecules in 
the simulation. 
5.3.2 Statistical property of kt in AA-MD 
The factor kt is derived from AA-MD characterization results with respects to 
the modelling time. Fig. 5-3 provides the comparison of direct CG-MD technique 
and AA-MD simulation. It can be found that, the evaluations of G-actin clusters 
kinetic energy from AA-MD characterizations are more scattered than the constant 
value from direct CG-MD technique, indicating the insufficiency of direct CG-MD 
simulations in predicting the thermodynamic behaviours of microfilament. In order 
to understand the statistic rule to which the kinetic energy of G-actin cluster belongs, 
the kt results of a single G-actin cluster in solvent at 303K are extracted by utilizing 
AA-MD simulation. The statistical results are shown in Fig. 5-3(b). Gamma 
distribution is used to fit the distribution rule of scattered kt values, and 
corresponding parameters of the distribution are also provided in Fig. 5-3(b). 
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Fig.  5-3. The evaluation of kt for a single G-actin cluster in water at 303K regarding modelling time. 
a: The scattered results of kt with respect to simulation time; b: The Gamma distribution fitting of kt 
results. 
AA-MD simulations under different temperature from 50K to 303K are 
conducted to investigate the temperature dependency of kt distribution. The Gamma 
distribution fitting results are given in Fig. 5-4. These distribution parameters, 
including shape parameter a, scale parameter b and expectation E of the distribution, 
are approximately constant in the temperature domain, which indicates the 
temperature dependency of the distribution parameters is not significant. In order to 
simplify the model, the average values of these three parameters are adopted in 
temperature domain to represent the overall distribution of kt at different 
temperatures ranging from 50K to 303K.  
 
Fig.  5-4. The distribution parameters of kt fitting at temperatures from 50K to 303K. 
A larger model with 380 thousand atoms, which includes four G-actin clusters, 
is simulated to validate the reliability of the kt distribution rule in multi-clusters 
system. Fig. 5-5 shows the Gamma distribution fitting of kt for different G-actin 
clusters in the same simulation system. It can be found that different G-actin clusters 
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follow similar distribution rules, and the Gamma distribution fitting can be a good 
candidate to describe the distribution of scattered kt in this multi-clusters simulation 
system. 
 
Fig.  5-5. The Gamma distribution fitting for the scattered variable kt of different G-actin clusters from 
AA-MD simulation of microfilament fragment with four G-actin clusters. 
5.3.3 Stochastic thermostat algorithm 
Based on discussions about the distribution rule to which the factor kt belongs, 
a new stochastic thermostat algorithm is proposed to predict the thermodynamic 
motions of G-actin clusters in the CG model of microfilaments. The modified 
thermostat algorithm is defined as: 
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kt is a variable that is changing over the modelling time (Fig. 5-3). The 
variation of this time dependent parameter (kt) belongs to the aforementioned 
Gamma distribution, as given in Eq. (5-4). The distribution parameters, i.e. a and b, 
are obtained by averaging the fitting parameters of distributions in temperature 
domain (Fig. 5-4). In the current CG-MD simulations, the kt is changed every one 
picosecond. It should be noted that, the distribution parameter a and b have 
dependency on the material and CG strategy, the values of a and b in Eq. (5-4) can 
only reveal the biophysical characteristics of microfilaments that adopts the 
aforementioned CG strategy. If the material or CG strategy is changed, proper 
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modification of these distribution parameters is needed to retain the applicability of 
this stochastic thermostat algorithm for different soft matters.  
5.3.4 Benchmarks and Validation 
In order to validate the accuracy and efficiency of this new stochastic 
thermostat algorithm, the aforementioned question about the longitudinal thermal 
fluctuations of both short (11nm, 4 G-actin monomers) and long (72nm, 26 G-actin 
monomers) microfilament fragment is studied by implementing this new thermostat 
algorithm in the large-scale CG model [12].  
According to Section 5.4.2, the variation of distance between G-actin clusters 
(each cluster denotes two G-actin monomers) is difficult to be accurately extracted 
from direct CG-MD simulation. In order to validate this newly proposed algorithm, 
the longitudinal fluctuation of a same microfilament fragment is investigated by the 
modified CG-MD technique and compared with AA-MD modelling results. As this 
new thermostat algorithm contains a random factors kt, three different modified CG-
MD simulation cases are conducted to illustrate the reliability of this new algorithm. 
These modified CG-MD simulation cases are of different kt indexes that are 
randomly generated. Comparing with CG-MD technique with unmodified thermostat 
algorithm (pink open circle), the modelling results of microfilament thermal 
fluctuation in this modified thermostat algorithm simulation presents larger 
variability, which is more close to AA-MD characterization (blue open square). The 
variation of amplitude with respects to modelling time would directly lead to random 
movements of microfilament fragments due to the thermal inputs to biological 
materials. However, the dynamic information would be lost in the direct CG-MD 
characterization, leading to the insufficiency of direct CG-MD strategy in modelling 
the thermomechanical properties of microfilament like, hierarchical soft materials. 
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Fig.  5-6. Microfilament CG-MD modelling results by adopting the newly developed stochastic 
thermostat algorithm. a: the variation of G-actin clusters distance evaluated from different simulation 
strategies; b: the clusters distance ranges in a double clusters simulation system obtained from 
different simulation techniques. 
As introduced, the three modified CG-MD cases (black up triangle, red down 
triangle and olive diamond) are of different kt indexes, however, all lead to similar 
profiles of fluctuation ranges, indicating that the stochastic thermostat is reliable, 
even brought in randomly generated indexes of factor kt. The computational duration 
of this simulation with modified CG-MD technique is less than one second on single 
processer for this small microfilament fragment. Comparing with the computational 
recourses needed by AA-MD method, this modified CG modelling strategy can used 
limited resources to obtain relatively reliable thermomechanical evaluation of a small 
microfilament fragment that consists of four G-actin monomers.  
Another benchmark study is conducted to validate the accuracy and efficiency 
of this modified algorithm for longer microfilaments. Two F-actin helical repeats that 
includes 26 G-actin monomers are chosen for these scenarios. The total length of the 
filament is 72nm, and we chose the distance between the two G-actin clusters on 
microfilament ends as the reference variable. The absolute value of this distance is 
around 5.5nm less than the length of microfilament because of the size of the cluster 
(Fig. 5-7). The simulation conditions are all the same with abovementioed AA-MD 
simulation, except that the modelling time is extended to 1ns. The full atom 
simulation model consists of more than one million (1, 171, 472) atoms. The 
duration of AA-MD calculation is 49.5 hours with 12 CPUs on HP Z600 workstation 
(Intel X5620, 2.67CHz). Three sets of kt indexes are adopted to study the numerical 
reliability of this newly developed algorithm (Fig. 5-7, black, red and olive). This 
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results from CG-MD modelling scenarios with modified thermostat algorithm shows 
larger variation of thermal fluctuation, which is more consistent with AA-MD 
characterization results (blue solid square) compared with direct CG-MD modelling 
(magenta solid circle).  
 
Fig.  5-7. The longitudinal thermal fluctuation of 72nm long microfilament from both AA-MD 
simulation and CG-MD simulation. a: the variation of longitudinal length from different simulation 
strategies; b: the thermal fluctuation ranges of a 72nm long microfilament obtained from different 
simulation techniques. 
The computational time for the CG-MD simulation is only 10 seconds with one 
CPU (Intel E8600, 3.3GHz), which is far less than the 49 hours computational time 
of AA-MD simulation. The efficiency of this modified CG-MD method indicated 
that, this simulation strategy can be applied to large-scale, complex microfilament 
networks to investigate its dynamic behaviours due to thermal energy inputs. This 
CG model of microfilaments can be extended to three dimensional networks at 
microscale that is the actual size of cell structure, which is difficult for AA-MD 
method to handle with nowadays computational capability.  
5.4 DISCUSSION 
MD simulation of soft matters has advantages in investigating their dynamic 
characteristics by considering the random motions of independent atoms due to 
thermal excitation. However, AA-MD simulation is inadequate to be applied to 
large-scale soft matters for studying thermodynamic behaviours due to the limit of 
computational capability. Continuum mechanics modelling has advantages in 
characterizing mechanical deformation of micro/macro scale materials, but is 
inadequate in capturing the associated internal entropic motions. As a bridging 
method, CG level granular simulation is necessary for the biophysical modelling of 
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soft matters based on its natures in both static and dynamic characterizations. By 
simplifying the definition of simulation beads, CG models can improve the 
computational efficiency of MD simulation. Take the CG model of microfilaments 
for example: this CG model ignores conformational changes in each G-actin 
monomer while only focusing on the global motion of a G-actin cluster that consists 
of two monomers, approximately seven thousand atoms. Even though the 
computational efficiency of biophysical simulation can be improved, direct CG 
model is limited in the characterization of internal thermodynamic motions, because 
the dynamic behaviours of simulation beads in MD simulation have both enthalpic 
and entropic effects.  
While upgrading the length scale of simulation models by decomposing stress 
fibres to be strings of CG beads, the information of high frequency motion of atoms 
inside each simulation bead will be obscured in CG methods. These stochastic 
motions of single atoms can lead to spontaneous behaviours of macromolecules, 
which is a long term response of biological materials. However, these time 
dependent properties of gel like soft matters are still challenges for different 
modelling methods, such as MD method and soft glass rheology (SGR) [170]. The 
challenge mainly lies in the following two points. First, the temporal scale of the 
methods is not large enough to describe the slow and time dependent properties of 
materials. Compared to picosecond scale of AA-MD method, the temporal scale of 
this CG method can be extended to a few microseconds. However, there is still a 
long way to go for solving the long term response of soft matters which can take a 
few hours to finish. Second, another challenge for the modelling of soft matters lies 
in the local energy traps, whose depth are much larger than the thermal energy kBT 
[171]. With understandings of the characteristics of macromolecular thermodynamics 
in this paper, the thermal fluctuations of the molecular clusters in soft matters are 
usually underestimated by adopting classical thermostat algorithm. This 
underestimation can weaken the ability of flexible materials to transform between 
local energy traps, which explains the reason why ‘noise’ or ‘effective temperature’ 
is needed to excite the material in SGR modelling. We note that, with assistance of 
the aforementioned kinetic energy ratio kt, the thermodynamic behaviours of soft 
matters can be efficiently amplified to overcome the corresponding local energy traps 
in the thermomechanical modelling. In summary, our modified CG method can 
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improve the ability of the prediction of phase changes in soft matter from the 
viewpoints of both energy and temporal scale. However, the method still has 
difficulties in fully exploring the rheology properties of gel like soft matters due to 
the limit of their absolutely large temporal scale, at which slow dynamics happens.  
Based on the above-mentioned claims, similar modification of thermostat 
algorithm should be made in all other attempts of building oversimplified CG models 
for soft matters at extra-large scales. This new algorithm can improve the capability 
of CG modelling in capturing thermomechanical properties of biological materials 
with hierarchical structures. Using this newly developed stochastic thermostat 
algorithm, CG-MD modelling method is competent to model the thermodynamic 
properties of soft matters in association tp the mechanical deformation modelling. 
Compared to AA-MD characterization, this modified CG-MD modelling strategy can 
significantly reduce the computational cost while efficiently retaining the ability of 
biophysical properties of soft biological materials with hierarchical structures. 
5.5 CONCLUSIONS 
A new stochastic thermostat algorithm is proposed to overcome the 
incapability of highly coarse-grained (CG) models of microfilaments in 
thermodynamic prediction. This newly developed algorithm can efficiently predict 
the thermodynamic properties of microfilament in association to the modelling of 
mechanical deformation. A statistical factor kt, which belongs to Gamma distribution, 
is implemented in the relationship between temperature and kinetic energy. 
According to the characterization of longitudinal thermal fluctuations of both short 
(11nm, 4 G-actin monomers) and long (72nm, 26 G-actin monomers) microfilament 
fragments, this modified method can obtain more reliable thermodynamic behaviours 
compared to direct CG-MD modelling. By using this new stochastic thermostat 
algorithm, the computational efficiency can be significantly improved. This new 
stochastic thermostat algorithm provides an efficient and accurate way to investigate 
the biophysical properties of large-scale soft matters with hierarchical structures. 
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6.1 ABSTRACT AND KEYWORDS 
Filopodial protrusion initiates cell migration, which decides the fate of cells in 
biological environments. In order to understand the structural stability of ultra-
slender filopodial protrusion, we have developed an explicit modelling strategy that 
can study both static and dynamic characteristics of microfilament bundles. Our 
study reveals that the stability of filopodial protrusions is dependent on the density of 
F-actin crosslinkers. This cross-linkage strategy is a requirement for the optimization 
of cell structures, resulting in the provision and maintenance of adequate bending 
stiffness and buckling resistance while mediating the vibration. This cross-linkage 
strategy explains the mechanical stability of filopodial protrusion and helps 
understand the mechanisms of mechanically induced cellular activities. 
Keywords: F-actin crosslinker, Filopodial protrusion, Mechanical stability, 
Biomechanics  
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6.2 INTRODUCTION 
Throughout our life, multicellular organism spatiotemporally coordinates 
various physiological processes, such as embryonic morphogenesis and tissue 
formation [172], by elaborating the spreading and migration of cells [173, 174]. Cell 
migration also initiates with leading edge protrusion, and finalizes with cell 
movements yielded by intracellular cytoskeleton contraction from cell protrusions 
[175]. Fig. 6-1 shows the in vivo morphology of osteoblasts during cell migration. 
The flat, sheet like F-actin network in cells is lamellipodia, from where cell 
protrusion initiates [176]. Various functional proteins comprehensively stimulate the 
lamellipodia to form needle like, highly dynamic cell protrusions: filopodia [177]. 
The filopodia is made up of F-actin that are bundled by actin binding proteins [178] 
and acts as the mechanical unit of cell migration frontier. Abnormal cell protrusions 
due to improper mechanical properties of filopodia can initiate unhealthy cell 
migration, which leads to human diseases such as immune disorders and proliferation 
of tumour cells [179, 180]. Therefore, understandings of the mechanical stability of 
filopodial protrusions are significant to cell pathology studies. 
 
Fig.  6-1. In vivo cell migration and the illustration of filopodia structure. A. Osteoblasts morphology 
evaluation by laser Confocal microscope (Nikon A1R Confocal system) after 24 hours culturing on 
22mm×22mm glass cover. DAPI is employed for the visualization of nucleus (in blue) and 
rhodamine-phalloidin is employed for the visualization of F-actin (in red). B: Molecular structure of 
filopodia. Dia2 can nucleate the formation of new, unbranched F-actin. ENV/VASP crosslinks F-actin 
in the tip of protruding filopodia. IRSp53 might sense the negative membrane curvature and initiates 
new filopodia. Fascin is the major F-actin cross-linkage protein in filopodia. 
The physiological environment of living cells includes various potential 
mechanical loadings, such as extracellular interstitial fluids and intercellular 
cytoskeleton self-contraction. Fig. 6-2 shows typical loading models on living cell 
structures: bending model and buckling model. The focal adhesions of living cells 
are mainly distributed at leading and trailing edges of cells[181], which can be 
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imaged as mechanical supports to cell structures (e.g. filopodia and lamellipodia) 
under the condition of mechanical loadings. The diameter of single F-actin is under 
10nm [66], while the length of filopodia can be up to 40µm in various organisms 
[182]. The microscale F-actin length and nanoscale filament cross section result in 
large aspect ratio, making single F-actin fragile to undergo the challenging 
mechanical conditions.  
 
Fig.  6-2. Potential loading models of filopodia in biological environments. A: Bending model of 
filopodia. The filopodia can be simplified as thin beam. The tip of stress fibre is fixed because of focal 
adhesions while the other end belongs to the main body of cell. The interstitial fluids can apply 
transient or continuous transverse loadings to the filopodia. B. Buckling model of stress fibres (F-actin 
bundle), e.g. filopodia and pseudopodia. Contraction due to myosin II acts as axial compression on the 
slender beam. 
In living cells, single F-actin filaments are  tightly bundled by crosslinkers to 
mediate the mechanical performances of filopodial protrusion [183, 184], and the 
main cross-linkage protein in filopodia is fascin [8]. The mechanical properties of F-
actin bundle have been explored by pure bending theory of slender beam [185] and 
worm-like chain (WLC) characterization [183]. Based on experimental findings, a 
mechanics model for this semiflexible biological organism was proposed [186] and 
numerical simulations successfully predicted the bending stiffness and buckling 
resistance with respect to the features of F-actin bundle structures [187, 188]. 
However, these continuum mechanics based models have difficulties in modelling 
the large, nonlinear deformation of semiflexible F-actin bundles which is comparable 
to the thickness of filopodia. Also, the dynamic response of filopodia protrusion after 
excitation is hard to be captured by adopting finite element method based modelling 
strategy. New modelling technique is needed to meet the requirements in capturing 
nonlinear deformations and dynamic response of semiflexible filopodia. Recently, 
multiscale modelling method based on experiments and molecular simulation shows 
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great potential in the dynamics simulation of bio-inspired materials [145]. A coarse-
grained model is specifically developed for the mechanical deformation modelling of 
F-actin based on atomistic modelling of F-actin filaments [12].  
In this paper, crosslinkers are implemented to the coarse-grained model of F-
actin bundle [12] to investigate the mechanical performances of filopodial protrusion. 
This model aims to explicitly extract the complex mechanical behaviours of F-actin 
bundles considering influences from fascin-actin cross-linkage. The significance of 
F-actin crosslinkers in stabilizing the filopodial protrusion is evaluated based on 
static and dynamic characteristics of fascin binding F-actin bundles. 
6.3 COMPUTATIONAL MODEL 
In the modelling strategy, single filaments are simplified as particle strings that 
are connected by F-actin crosslinkers, as shown in Fig. 6-3. The interaction between 
actin clusters on the same F-actin and the cross-linkage between neighbouring F-
actin are assumed to be harmonic pair potential energy: 20 )(2
1 rrkE −= , where k is 
the energy scale parameter, r and 0r  correspondingly denote the actual distance and 
equilibrium distance between actin clusters. Similar characterizations for the angular 
potential energy functions are defined with respect to the angle between two 
neighbouring connections. This explicit is capable to obtain dynamic responses of F-
actin bundles after mechanical excitation. The stiffness of stress fibres that consists 
of actin filament has dependency on temperature [189]. However, we only adopt the 
filament stiffness parameters at human body temperature [12] in this study. The 
randomly distributed weak interactions between G-actin monomers, e.g. H-bond and 
disulfide bond, are not considered since they are negligible comparing to mechanical 
loadings.  
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Fig.  6-3. The schematic of granular simulation strategy for F-actin bundle modelling. Each virtual 
particle (red circle) consists of two actin monomers, and the equilibrium distance between neighboring 
particles is 5.53nm. The longitude stiffness of a 1μm long F-actin follows the experimental finding of 
43pN/nm,[53] the equilibrium angle is 180o between actin-actin bonds, and the angular stiffness is 
characterized to be 7630 kCal/mol·rad2.[12] The tensile stiffness of 37.5nm long fascin is assumed as 
1.5pN/nm, the equilibrium angle is 90o for actin-fascin connection, and the angular stiffness is 
500kCal/mol·rad2. 
The cross section of bundle is assumed quadrate, consisting of 25 (5×5) 
filaments. The length of this actin bundle is 2µm and the transverse distance between 
filaments is 37.5nm [187], making the total bundle thickness 150nm. The profile of 
F-actin bundle in this work follows the filopodia length prediction from literature 
[188]. The cross-linkage randomly occurs between two neighboring particles at the 
same longitudinal position from different filaments [190]. Five scenarios of F-actin 
bundles with different crosslinker densities are selected to understand sensitivity of 
mechanical behaviours with respect to the crosslinker density. The crosslinker 
density ratio is calculated as af nn=a , where, fn and an respectively denote 
quantities of F-actin crosslinkers and actin monomers. Canonical ensemble (NVT) is 
a thermal bath, in which particle numbers, system volume and temperature are 
constant. Herein, NVT ensemble is employed with a 303K temperature to model the 
bending and buckling of F-actin bundle. Langevin dynamics algorithm [150] is 
employed to model the friction from implicit solvent. In the Langevin dynamics 
algorithm, two terms are added to the force calculation on each particle: viscous 
damping term due to solvent and a randomly bumping term due to temperature. The 
combination of these two terms is 
d
B
d
d dtC
Tmk
v
C
mF +−= . Where, m is the mass of 
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particle, v is the velocity, kB is the Bozeman constant, T is the temperature, dt is the 
time step and Cd is the damping factor with a time unit. In this simulation, Cd is 
chosen as 1ps to understand the sensitivity of dissipative force to the density of F-
actin crosslinkers. 
The size of time step is 0.1ps in bending/buckling simulations and 0.2ps in the 
vibration simulation. The granular simulations are performed with Lammps [191] on 
HP Z600 workstation (Intel Xeon X5570) and all the atomistic visualizations are 
finished on VMD [169]. 
6.4 RESULTS AND DISCUSSION 
The mechanics models of transverse loading conditions and corresponding 
characterization results are detailed in Fig 4. In the bending test simulation, a rigid 
cylinder is designed to indent the F-actin bundle to model the transverse bending of 
F-actin bundle. The velocity of indentation is 150nm per microsecond, which is a 
slow loading rate in molecular simulations to allow the relaxation of stress-wave. 
The evaluation of bending stiffness Bκ is based on Euler-Bernoulli beam theory under 
double clamped boundary condition: 
δ
κ
192
3Fl
B = , where, F is the reaction due to 
rigid cylinder indentation, l is the bundle length and δ is the deflection of F-actin 
bundle. It should be noted that the distribution of crosslinkers on the F-actin bundle 
also has effects on the mechanical behaviours of the whole bundle structure (in 
Supplementary Material). With the same crosslinker density, F-actin bundle with 
uniformly distributed crosslinkers presents higher mechanical stiffness in bending 
simulation. Based on the nature of filopodial protrusion, the cases with uniformly 
distributed crosslinkers are adopted for the mechanical characterization in this paper. 
The bending stiffness of F-actin bundles(black solid square in Fig. 6-4) 
increases with the density of crosslinkers, which is consistent with previous 
experimental findings [183]. Refer to the interlaminar shear stress in continuum 
mechanics model, the deformation of actin crosslinkers between different F-actin 
filaments can store potential energy that is caused by external transverse loadings 
and increase the bending stiffness of F-actin bundles. Direct indentation tests of in 
vivo F-actin bundles have provided the evaluation of the bending stiffness, which is 
at the scale of 2210−=Bκ to 
221 Nm10− [185], while WLC characterization of F-actin 
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bundles leads to the stiffness evaluation at scale of 223 Nm10−=Bκ [183, 184]. The 
bending stiffness prediction in this paper, as shown in Fig. 6-4, agrees with these 
experimental findings and is close to the characterization by direct indentation [185], 
as our simulation is also based on beam bending model.  
Transverse impact is another typical loading on filopodia in cell surviving 
environments (e.g. from sudden interstitial flow). The capability of filopodia to 
mediate the violent vibration after transient excitation is significant in stabilizing 
healthy cell protrusion modes under impacts. We have employed the proposed 
computational model to capture dynamic responses of F-actin bundles after transient 
excitation. In the modelling, the F-actin bundle is fixed with the same boundary 
conditions as aforementioned modelling of transverse indentation. A transient 
velocity with half sinusoidal profile is applied on the whole bundle, and the velocity 
amplitude is nm/ps10 2− .  
According to the dynamic response extracted from numerical simulation, the 
kinetic energy of F-actin bundle decreases while the density of crosslinker increases, 
indicating that actin crosslinkers can mediate the vibration of ultra-slender filopodia 
protrusions, which is positive to enhance the stability of cell migration. 
 
Fig.  6-4. The calculation result from direct bending test and vibration test of F-actin bundles. The 
mechanics model of both simulation cases are double clamped slender beam. Different from 
indentation tests, half-sinusoidal profile velocity excitation is applied to the simulation system in 
vibration tests for 1µs, and the averaging kinetic energy in the last 0.1µs (in which the kinetic energy 
is steady) is captured to evaluate the dynamic stability of the bundle system.  
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Fig. 6-5 illustrates the simulation results of free vibration modes of F-actin 
bundles in different states without and with crosslinker binding. With the assistance 
of F-actin crosslinkers, F-actin filament is crosslinked to its neighbouring filaments, 
providing mechanical supports to the filopodia protrusion and mediates the dynamic 
response of a whole F-actin bundle system. This characteristic improves the 
resistance of filopodial protrusion to undergo sudden impacts in complex biological 
environments that includes random transverse loadings.  
 
Fig.  6-5. Free vibration modes of F-actin bundles in different crosslinker binding states. The first 
illustration is the initial excitation applied on the bundle. The second and last illustrations 
correspondingly represent free vibration modes of F-actin without and with inner cross-linkages. 
As a typical biological material, the semiflexible filopodia protrusion also 
presents highly overdamped property after transient mechanical loadings. By using 
the aforementioned Langevin dynamics algorithm, the dissipative characteristics of 
F-actin bundles can be estimated to understand the sensitivity of filopodia dissipation 
to F-actin crosslinker density. As shown in Fig. 6-6, the kinetic energy dose not 
converge after 1μs simulation in the scenario of  zero F-actin crosslinker while both 
lower (5.01%) and higher (22.29%) crosslinker densities lead to the convergence of 
kinetic energy. Moreover, the kinetic energy dissipates faster with higher crosslinker 
density, indicating that crosslinker density contributes to the dissipative force on 
filopodia protrusion.  
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Fig.  6-6. Dissipative kinetic energy profiles of F-actin bundles with different crosslinker densities. 
The dissipation time for kinetic energy and the residue kinetic energy are both inversely proportional 
to the density of crosslinkers. 
The filopodial protrusion also undergoes axial forces due to the intracellular 
cytoskeleton contraction from myosin-II [192] or extracellular mechanical loadings. 
Another set of computational scenarios are set up to investigate the dynamic 
buckling behaviours of F-actin bundle in filopodia with different F-actin crosslinkers 
density. In the simulation models, one end of the F-actin bundle is fixed and a 
constant velocity is applied at the other end to model axial compression. The 
potential energy profile of F-actin bundle is summarized to characterize the buckling 
resistance of F-actin bundle model with different F-actin cross-linkage conditions, as 
shown in Fig. 6-7. 
The critical buckling strain of a continuum slender beam with quadrate cross 
section can be derived from Euler’s equation as: 2
22
3l
a
cr
π
ε = , where, a  is the length 
of quadrant edge and l  is the length of slender bundle. Adopting 150nm edge length 
and 2µm bundle length, theoretical solution of the buckling strain of a nonporous F-
actin bundle is 1.85%. The approximate buckling strain for porous F-actin bundle in 
the modelling can be directly extracted from the transitions on potential energy 
profile, where the increase of potential energy slows down or even stops. After this 
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critical loading strain, the F-actin bundle is incapable to fully carry further axial 
compression. The buckling strain of porous F-actin bundles in modelling increases 
with the density of crosslinkers, and approaches the theoretical solutions of a 
continuum beam. Take the scenario of %29.22=a  for example, by adopting the 
design strategy of cross-linkage, porous F-actin bundle can approximately reduce 
90% of the mass comparing to a nonporous bundle of F-actin filaments. However, 
the critical buckling strain only decreases 14% (from 1.85% to 1.59%). 
 
Fig.  6-7. The characterization of F-actin bundles buckling with different crosslinker density. Buckling 
strain is marked with different colours in corresponding to the computational scenario and the light 
blue dotted line (1.85%) denotes the theoretical solution of buckling strain of gapless F-actin bundle 
with the same profile.  
Explicit solutions of the buckling behaviours of F-actin bundle with different 
cross-linkage conditions are provided in Fig. 6-8 to illustrate the molecular 
mechanisms of strengthened buckling resistance. F-actin bundles without cross-
linkage (red bundles) are indeed individual actin filaments whose aspect ratio is too 
large to resist axial compression. With the help of crosslinkers, single filaments 
cooperate as a combined bundle to resist extracellular or intracellular mechanical 
challenges from its surviving environment. The effective lengths le (refer to Fig. 6-8) 
of buckling models decreases with actin crosslinkers density, improving the buckling 
resistance. The post-buckling behaviours of crosslinked F-actin bundles also 
demonstrate that, with the assistance from actin crosslinkers (blue and green 
bundles), F-actin bundles can still partly carry the deformation energy caused by 
external loadings. Similar findings have been reported for carbon nano materials 
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[193]. This is another characteristic of ultra-slender filopodia protrusions to undergo 
complex mechanical conditions in biological environments. 
 
Fig.  6-8. Buckling modes of F-actin bundles with respect to cross-linkage status. The red filaments 
represent non-bundled individual F-actin filaments, and the blue and green filaments respectively 
represent F-actin bundles with 5.01% and 22.29% crosslinker density ratios. The effective length of 
the F-actin bundle (le) decreases with the density of crosslinkers, which explains the increase of 
buckling resistance by crosslinkers. 
Mechanics is one of the most primitive signalling systems for multicellular 
system [1]. The mechanical stability is filopodial protrusion is critical to living cells 
as it is involved in various dynamic cellular activities, such as spreading [174], 
migration [194] and adhesion [163]. Take breast cancer cells for example, the high 
density of fascin can regulate the invasion of cancer cells [195] whose mechanical 
stiffness is usually higher than normal cells. The modelling results in this paper can 
theoretically prove that the mechanical performance of filopodial protrusion has 
dependency on the quantity of crosslinker protein. By adjusting the cross-linkage 
strategy between F-actin filaments, living cells can sensitively mediate the 
cytoskeleton mechanical performance, which is significant for the pathological 
research and physics therapies of cell diseases.  
6.5 CONCLUSION 
In the present study, the significant role F-actin crosslinkers (fascin) plays in 
enhancing the mechanical stability of ultra-slender filopodia protrusion is 
 108 Chapter 6: Mechanical Stability of F-actin Bundles in CSK (Paper 4) 
investigated by developing an explicit granular simulation strategy. The modelling of 
transverse and axial deformation demonstrates that the bending stiffness and 
buckling resistance of ultra-slender filopodial protrusion are strengthened by the 
cross-linkage between single F-actin filaments. The dynamics modelling of 
crosslinked F-actin bundle also proves that crosslinker protein functions to mediate 
the vibration of filopodial protrusion after transient excitation. In summary, this 
cross-linkage design of F-actin bundle in filopodial protrusion can stabilize the 
mechanical behaviours of cellular activities in complex physiological environment. 
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6.7 SUPPLEMENTARY MATERIAL 
As described in the paper, the crosslinker distribution has the potential to 
mediate the mechanical properties of F-actin bundles. Herein, we designed a group 
of simulation scenarios to investigate the sensitivity of bending stiffness to 
crosslinker density.  
The computational models are of the same geometries with the models in the 
manuscript. The length is 2µm and there are five layers filaments in the simulation 
model (5×5). There are three types of crosslinker distributions: first is the top two 
layers of the filaments are absolutely crosslinked, second is the middle two layers are 
absolutely crosslinked and the final model has homogeneously distributed 
crosslinkers. The schematic is provided in Fig. 6-9. It should be noted that, in the 
first two simulation cases as shown in Fig. 6-9, crosslinkers are only localized on the 
red regions marked in Fig. 6-9. No crosslinkers are designed in other regions, marked 
as blank.   
 
Fig.  6-9. Three different crosslinker distribution strategies. a. top layer crosslinked. b. middle layer 
crosslinked. c. crosslinkers non-uniformly distributed on the whole bundle. d. crosslinkers uniformed 
distributed no the whole bundle.  
In the model presented by Fig. 6-9(c), the crosslinkers are non-uniformly 
distributed on the whole bundle. The non-uniform case (c) is an intermediate state 
whose mechanical properties should be between the characterization from the 
concentrated case and uniformly distributed cases.  Herein, we only focus on the first 
two cases where crosslinkers are concentrated on certain regions (a and b) and the 
last case where crosslinkers are uniformed distributed on the structure (d).  
The numbers of crosslinkers in these three models are close to each other for 
the later compilation. The key numbers in simulation are listed in Table 1.  
Table 6-1 The model details for different crosslinker distribution cases. 
Model Top layer Middle layer Homogeneous 
Particle numbers 9075 9075 9075 
Actin 18150 18150 18150 
Crosslinker 3249 3249 2920 
Ratio  0.17 0.17 0.16 
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The same bending process is applied to these three beams and the force is 
tracked with respect to the deflection. The result is provided in Fig. 6-10.  
 
Fig.  6-10. The force profile with respect to deflection during bending. 
The stiffness of homogeneously crosslinked bundles are of higher stiffness than 
the cases in which crosslinkers concentrate only at some certain parts of the bundle. 
Therefore, the mechanical properties of crosslinked F-actin bundle have dependency 
on the crosslinker distribution. However, more detailed sensitivity study of 
crosslinker distribution should be expanded for future design of artificial 
biomaterials microstructure for better mechanical performances.  
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7.1 ABSTRACT AND KEYWORDS 
F-actin cytoskeleton plays critical roles in a variety of cellular processes. The 
crosslinker proteins in F-actin networks are responsible for mediating the mechanical 
properties of cytoskeleton. However, the molecular events in F-actin cytoskeleton are 
difficult to be tracked experimentally at sub-cellular resolution. In this paper, a 
model of crosslinker unbinding is implemented in a highly coarse-grained granular 
model of F-actin cytoskeleton. We have employed this specific granular model to 
study the mechanisms of the compressive responses of F-actin networks. It can be 
found that the compressive response of F-actin cytoskeleton has dependency on the 
strain rate. The evolution of deformation energy in the network indicates that 
crosslinker unbinding events can induce the remodelling of F-actin cytoskeleton in 
response to external loadings. The internal stress in F-actin cytoskeleton can 
efficiently dissipate with the help of crosslinker unbinding, which could lead to the 
spontaneous relaxation living cells.  
Keywords: F-actin cytoskeleton; Coarse-grained; Crosslinker unbinding; 
Compressive response 
  
 116 Chapter 7: Compressive Response of 3D F-actin CSK (Paper 5) 
7.2 ARTICLE  
The cytoskeleton is the material basis for living eukaryotic cells to undergo 
external mechanical loading.[8] F-actin is an important component of cytoskeleton 
whose mechanical behaviours can regulate the cellular changes and force generation 
in cell migration and division.[134, 163, 174] Enormous efforts have been devoted to 
investigate the cryptic mechanical properties of F-actin networks in living cells for 
decades.[7, 61, 194] The F-actin network can remodel under mechanical loading, 
which allows living cells to adjust their cytoskeleton structures for higher mechanical 
stability.[196] It has been recently reported that, the slow dynamics of F-actin 
networks is induced by crosslinker unbinding events,[171] which helps living cells to 
make wise decisions in the evolution of cellular morphology. 
The process of dynamical remodelling in F-actin cytoskeleton is significant to 
understand the mechanisms of cellular morphology changes with respects to the 
mechanical inputs. Molecular events (e.g. crosslinker unbinding and cytoskeleton 
remodelling) that happen at sub-cellular resolution can provide insights into the 
mechanical responses of F-actin cytoskeleton. However, the operation conditions of 
high resolution microscope (e.g. scanning electron microscope and transmission 
electron microscope) always have conflicts with the environmental requirements of 
living cells, which makes it difficult in tracking the aforementioned in situ dynamics 
of F-actin during cellular activities. Therefore, theoretical analysis is needed to 
explore those molecular events in F-actin cytoskeleton during cellular evolution 
under mechanical constrains.  
Numerical modelling of biological materials can describe the living systems in 
terms of physics and chemistry, which contributes to the understandings of 
mechanical behaviours of flexible biological soft matters.[101] Molecular dynamics 
(MD) simulation of biomacromolecules can provides ultimate details of motional 
phenomena in principle, which is significant in understanding various biophysical 
phenomena from the molecular viewpoints.[105] However, all-atom MD modelling 
system can involve several millions of atoms with nowadays computer power,[160] 
which can only support the modelling of single F-actin up to hundred nanometres. 
This computational characteristic of MD modelling limits its application in the direct 
characterization of mechanical behaviours of F-actin cytoskeleton that consists of 
thousands of isotropically crosslinked filaments. In order to meet the requirements of 
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length scale, different coarse-grained (CG) strategies have been developed for F-
actin modelling to understand their comprehensive behaviours (thermodynamical and 
mechanical) from the viewpoint of mechanics.[121, 197] With the help of these CG 
models, the mechanical modelling of F-actin cytoskeleton can be extended to 
microscale. Kim, et al., have developed a rod based CG model with empirical 
parameters for the computational analysis of F-actin networks to explain the 
significance of actin crosslinkers unbinding in the rheology of F-actin networks.[198] 
With parameters extracted from all-atom MD simulation and experiments, Li, et al., 
have developed a bead based CG model of F-actin under the modelling framework of 
Brownian dynamics for the mechanical simulation of F-actin.[12]  
In this paper, a crosslinker unbinding mechanism dominated by mechanical 
deformation was implemented to the CG model developed in literature[12] to predict 
the dynamical response of F-actin cytoskeleton that are induced by the transient 
crosslinker unbinding. Based on the modelling of compressive response of 3D F-
actin networks, the mechanisms of internal stress building up and transition were 
explored by tracking the internal stress distribution. We found that the transient 
crosslinker unbinding events are responsible to the flexible properties of F-actin 
cytoskeleton under constant deformation. In living cells, the F-actin filaments are 
crosslinked to fulfil the ability of transient mechanical resistance. When undergoing 
constant deformation, the living cells has the ability of spontaneously remodelling in 
F-actin cytoskeleton with the help of constrains removal at cross-linkage, which is 
positive for cells to be self-protective under complex conditions. 
The 3D F-actin model in this paper was developed based on an in vitro 
characterization crosslinked F-actin networks,[68] in which F-actin filaments were 
isotropically crosslinked. The filaments in our 3D model were assumed to be 
orienting around 70o[155] towards the plasma membrane. In a randomly generated 
network model, crosslinkers can be determined by the distance between G-actin 
monomers in different F-actin fibres. Fig. 7-1 illustrates a typical network structure 
in cells and the conformations of cross-linkage in the networks. In order to simplify 
the calculation, the F-actin network in this paper was assumed to be regular 
hexahedron. The edge length of square cross-section is 150nm and the thickness of 
this hexahedron is 60nm.  
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Fig.  7-1. 3D F-actin network model. Cyan dots represent the randomly distributed crosslinkers. 
The mechanical deformation models and CG MD simulation models are 
described in the Supplementary Material. It should be noted that a crosslinker rupture 
model is developed to understand the significance of crosslinker unbinding in the 
compression of F-actin cytoskeleton. This rupture model is based on the mechanical 
testing results from different literatures[199-201].  
We respectively carried out the numerical modelling of F-actin networks 
compression at different strain rates to characterize the mechanical properties of F-
actin networks. In order to evaluate the mechanical properties of F-actin networks, 
compressive stress, modulus and potential energy (deformation energy) are 
calculated based on the simulation result. Compressive stress was calculated with 
respect to the pressure on unit area: AF=σ . F is the pressure applied on the surface 
of network and A is the area of cross-section of the network, which is 2.25×104nm2. 
The modulus was derived from the compressive stress as εσ ∂∂=E . ε denotes the 
strain of F-actin network under compression. The potential energy (P) of F-actin and 
crosslinker were independently normalized regarding the initial energy state (P0) to 
understand the source of energy carrying capability in the F-actin network. 
Therefore, the deviation of normalized potential energy (P/P0) from ‘one’ denotes 
the degree of energy evolution during the compression. 
The crosslinker unbinding in F-actin networks can induce the rearrangement of 
network structure and positively adjust their mechanical performances under 
mechanical inputs.[171, 196, 202] We have putatively removed the crosslinker 
unbinding mechanism in the F-actin model as a reference to normal conditions. The 
compressive responses of F-actin networks with and without crosslinker unbinding 
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model were compared to understand the significant of crosslinker unbinding. The 
simulation results are provided in Fig. 7-2. In the region of low strain (8%), the 
modulus of F-actin networks with either detachable or non-detachable crosslinkers is 
quite similar to each other, which indicate that crosslinker unbinding would not take 
place under this deformation limit (ε=8%). When the deformation exceeds 8%, the F-
actin network shows lower modulus when crosslinker unbinding was allowed to take 
place. This indicates that the crosslinker unbinding can improve the flexibility of F-
actin cytoskeleton when the deformation is large. This characteristic is positive for 
living cells to maintain a healthy phase as one typical characteristic of most cancer 
cells is their higher stiffness. After the deformation of 13%, a dramatic decrease in 
modulus can be observed in the networks that are of detachable crosslinkers 
compared to the saturated modulus of networks with non-detachable crosslinkers.  
Both of these two cases present softening phenomenon when the compressive 
deformation is increased (Fig. 2b, after olive dash line). However, we note that, the 
compressive modulus of F-actin networks with detachable crosslinkers is lower than 
relatively rigid networks before softening, which means crosslinker breakage can 
sensitively mediate the stiffness of F-actin CSK to decrease energy accumulation in 
cells during deformation. With respect to the region of softening, the stiffness of F-
actin CSK with detachable crosslinkers decreases more efficiently. The energy can 
dissipate more efficiently in the F-actin CSK with detachable crosslinkers, which is 
more positive for stressed living cells to relieve the pressure under large mechanical 
deformation. 
 
Fig.  7-2. Compressive response of F-actin networks with and without crosslinker unbinding. 
In the theoretical model, both longitudinal and rotational stiffness of F-actin in 
this CG model were assumed to be harmonic, which excluded the possibility that the 
decrease of modulus is a result of intrinsic material behaviour of F-actin filament. 
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Therefore, the decrease of modulus can only be the result of microstructure 
remodelling. Regardless of crosslinker unbinding, the F-actin networks in both 
models showed softening behaviours. However, when crosslinker unbinding was 
allowed in the network, F-actin cytoskeleton would present lower stiffness and 
higher flexibility in response to external loadings, which is a self-protective property 
of living cells.  
It has been widely reported that the mechanics of living cells has dependency 
on the deformation rates.[203-206] Herein, we tried to quantify this dependency of 
strain rate by our CG model. The mechanical properties of 3D F-actin networks were 
studied under different strain rates. In all these modelling cases of rate-dependency, 
crosslinker unbinding events were allowed to take place during the compression. The 
compressive strains were all the same in different cases, but the duration of 
compression varied from 0.1μs to 1μs to achieve different strain rates. It should be 
noted that, the actual transition time for protein structure change is believed to be at 
micro-second scale [159], but most of the all atom MD simulation can only play the 
modelling at nanosecond scale. This indicates that our CG modelling strategy at 
micro-second scale is capable to improve the capability of molecular modelling in 
the characterization of time dependent mechanical properties of soft matters at large 
spatial scale.  
The F-actin networks with crosslinkers were all compressed to 80% of its 
original thickness in the aforementioned durations and the corresponding strain rate 
ranged from 0.2 /μs to 2 /μs. The compressive stress was tracked during the 
deformation and the related results are shown in Fig. 7-3.  
 
Fig.  7-3. a, Stress-strain relation at different strain rates. b, Compressive modulus at different strain 
rates. 
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It can be found that the compressive modulus of F-actin networks increases 
with the strain rate, which is similar to crystalline inorganic materials.[207] Stiffness 
changes during compression can be derived from the stress-strain relationship, which 
is provided in Fig. 7-3(b). Lower strain rate can lead to smaller compressive modulus 
of F-actin network. In order to understand the mechanism of the rate dependency, the 
potential energy of network was divided into two parts: deformation energy in F-
actin and deformation energy in crosslinkers. These energy profiles with respect to 
modelling time for both F-actin and crosslinkers at different strain rates are provided 
in Fig. 7-4.  
 
Fig.  7-4. Potential energy profile of F-actin and crosslink during mechanical loading. Solid line and 
symbol denotes F-actin, dash line and hollow symbol denotes crosslinkers.  
Under lower strain rate conditions (0.2/μs), the normalized potential energy on 
crosslinkers (open and dash marks in Fig. 7-4) is lower than the results of higher 
strain rate (2/μs) when the compression is smaller than 15%. The decrease of 
potential energy in crosslinkers denotes that the crosslinkers were unbinding from the 
network. When the strain rate is low, longer duration is allowed for crosslinkers to 
unbind from F-actin and the deformation energy due to mechanical loading is more 
easily to get released. However, when enough time was allowed for the internal 
stress to build up and transport from F-actin to crosslinker (after the deformation 
exceeds 15%), the F-actin filaments would reorganize to build more optimized 
network that is of lower potential energy. Therefore, the macroscopic mechanical 
properties of F-actin networks are not only results of the inherent material behaviours 
of F-actin or crosslinkers, but also a result of the dynamic remodelling process of F-
actin networks structures during deformation.  
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The stress dissipation of F-actin networks[208] is another positive aspect for 
living cells to be self-protective under constant mechanical loadings. We have 
designed four modelling cases with the abovementioned different strain rates to 
capture the transient stress dissipation in F-actin networks, which can help study the 
physical mechanisms of this dissipation process. In the modelling of stress 
dissipation, after the compression had been finished, the defamation of F-actin 
network was reserved for a period that is two times of the loading duration, in which 
the stress was allowed to get released in the F-actin network. The stress evolution in 
the networks is provided with respect to modelling time in Fig. 7-5. It can be found 
that the rate of stress dissipation has dependency on the strain rate in the whole 
process of stress dissipation (as presented by olive dash line in Fig. 7-5) and a 
saturated stress can be achieved after the transient and dramatic decrease of stress. 
 
Fig.  7-5. Stress dissipation of F-actin networks after loadings with different strain rates. 
As we have already claimed that crosslinker unbinding plays crucial roles in 
the mechanical mediation of F-actin networks, herein, the significance of crosslinker 
unbinding events was further investigated by comparing to the results when the 
crosslinker unbinding events were putatively prohibited. In order to understand the 
mechanisms of stress dissipation of F-actin networks, the potential energy carried by 
F-actin and crosslinkers were independently captured for analysis. Only the strain 
rate of 0.2 per micro-second was studied in this paper without loss of generality. Fig. 
6(a) shows the stress dissipation processes of F-actin networks with different 
crosslinker phases. For networks with non-detachable crosslinkers, the stress 
becomes saturated efficiently after the loading is stopped, which is different from the 
network with detachable crosslinkers whose stress keeps decreasing at the same time. 
The stress dissipation rate of F-actin networks is higher when the crosslinkers are 
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allowed unbind from F-actin (olive dash line in Fig. 7-6(a)), which further proves the 
significance of crosslinkers in the stress dissipation of F-actin networks.  
 
Fig.  7-6. a, Macroscopic stress of F-actin networks. b, Potential energy carried by F-actin and 
crosslinkers.  
From Fig. 7-6(b), it can be seen that F-actin carries less potential energy when 
crosslinkers can unbind from the network (solid, black square profile). The potential 
energy in crosslinkers decreases during the mechanical deformation (black, open 
square in Fig. 7-6(b)), which indicates that the crosslinkers were unbinding from the 
networks. These unbinding of crosslinkers can improve the remodelling ability of 
network structures in the optimization of internal stress distribution, making the 
networks structure more flexible to resist the mechanical deformation that is caused 
by external mechanical loadings. When crosslinker unbinding were prohibited in the 
networks, the potential energy carried by crosslinkers are saturated in the period of 
constant deformation (red, open circle in Fig. 7-6(b)), which indicates that the room 
for networks remodelling was limited by the rigid cross-linkage between single 
filaments. On the contrary, obvious energy fluctuation can be found on the profile of 
potential energy at cross-linkage when crosslinkers can dynamically unbind in the 
network (black, open square in Fig. 7-6(b)). These fluctuations of energy profiles are 
related to the dynamical formation and break of crosslinkers in the networks. 
In summary, during various cellular activities in mechanical environments, the 
network structures of F-actin cytoskeleton are naturally optimizing themselves with 
the help of crosslinker unbinding events. This strategy of dynamical optimization in 
F-actin cytoskeleton can contribute to the self-protective ability of living cells to 
undergo challenging mechanical conditions in complex surviving environments. 
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In this paper, we have implemented a crosslinker unbinding mechanisms to the 
CG modelling strategy in the mechanical characterization of F-actin networks. 
Unbinding events were allowed to happen in association to the compressive 
deformation of F-actin networks. We have quantified the compressive response of F-
actin network with different mechanical constraints to study the underlying 
mechanisms. The following conclusions can be made based on the mechanism study: 
• Crosslinkers unbinding events can sensitively mediate the mechanical response 
of F-actin networks. The networks can be softened in response to deformation 
due to the unbinding of crosslinkers, making F-actin networks more flexible to 
undergo external mechanical signals. 
• The compressive stiffness of F-actin networks has dependency on the strain rates. 
Lower strain rate will lead to lower stiffness, which is caused by the transmission 
of internal stress. 
• Deformation energy in F-actin networks can be dissipated efficiently with the 
help of crosslinker unbinding, which is significant for living cells to avoid highly 
stressed states under mechanical constrains.  
The mechanical performance of living cells is cryptic and should not be 
handled by implicit material models. Granular model that involves specific physical 
events is more suitable for the theoretical investigation of the mechanical responses 
of F-actin networks in time domain. Our explicit model can qualitatively evaluate the 
compressive response of 3D F-actin networks in time domain while considering the 
effects of crosslinker unbinding. The transient crosslinker unbinding events are 
proved to be significant for the mechanical mediation of F-actin cytoskeleton. Under 
mechanical deformation, the dynamics of crosslinkers in F-actin networks can 
associate the dissipation of potential energy and the remodelling of networks 
structural, which is positive for living cells to be self-protective in constantly 
changing mechanical environments. 
Support from the ARC Future Fellowship grant (FT100100172) is gratefully 
acknowledged. The authors also thank the technical supports from HPC group at 
QUT. 
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7.3 SUPPLEMENTARY MATERIAL 
Supplementary Materials for: ‘Physical Mechanism of the Compressive 
Response of F-actin Networks: Significance of Crosslinker Unbinding Events’ 
7.3.1 Mechanical loading and boundary conditions 
Fig. 7-7 provides the schematics of loading and boundary conditions in the 
modelling of compression. In the compressive modelling, the displacement of bottom 
surface in z direction was fixed and a uniform compression was applied on the top 
surface towards negative z direction. 
 
Fig.  7-7. Schematics of the boundary conditions and loadings under compressive loading condition. 
7.3.2 Coarse-grained molecular dynamics model  
In order to extract the dynamical behaviours of this crosslinked biological 
network, a highly coarse-grained (CG) granular model of F-actin networks was 
developed under the framework of MD method. The F-actin network was simplified 
to be a network of particle chains that are connected by crosslinkers and the 
configurations can be found in Fig. 7-8. 
 
Fig.  7-8. Schematic of the 3D F-actin networks CG model 
The interaction between particles in the same F-actin and at the cross-linkage 
between neighbouring F-actin are both assumed to be harmonic pair potential energy 
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[89]: 2)( 20rrkE −= , where k is the energy scale parameter, r and 0r  respectively 
denotes the actual distance and equilibrium distance between simulation particles. 
Each particle (red dot) consists of two G-actin monomers, and the distance between 
neighbouring particles is 5.6nm. [93] The harmonic longitudinal stiffness between 
adjacent particles in the same F-actin is 43pN/nm (1 µm material), which is obtained 
from the modulus of F-actin from experiments. [53] The angular potential of F-actin 
was also simplified as harmonic equations, and the stiffness constant has been 
characterized from all atom MD simulation, the details can be found in published 
work. [12] The equilibrium distance for crosslinker is 6nm, and the harmonic 
longitudinal stiffness of crosslinkers is 10pN/nm (1μm material), [209] which is also at 
the same scale with experimental characterization [210] and F-actin modulus. [53] 
This longitudinal (tensile) and transverse (bending) deformation properties of F-actin 
filament have been validated by experimental results of tensile behaviour and 
transverse vibration modes in previous publication. [12] 
Energy equipartition theorem was employed to control the temperature, in 
which the kinetic energy of a simulation particle can be defined as 23 TkE Bk = , 
where, kB is the Bozeman constant, T is the temperature. Langevin dynamics 
algorithm [150] was employed to implicitly model the effects of solvent. In the 
Langevin dynamics algorithm, two terms are added to the force calculation on each 
particle: viscous damping term due to solvent and a randomly bumping term due to 
temperature. The combination of these two terms is
dBdd dtCTmkCmvF +−= . 
Where, m is the mass of particle, v is the velocity of particle, dt is the time step and 
Cd is the damping factor with a time unit, which was chosen as 1ps in this paper. 
This highly ‘coarse-grained’ F-actin model was specifically designed for the 
analysis of mechanical behaviours of F-actin cytoskeleton, which has similar 
characteristic with previous contributions to the state of the art in actin CG modelling. 
[197, 211] In the literature [197], each G-actin monomer was simplified as four 
particles with respect to the conformational domains in G-actin monomers. 
Differently, each simulation particle in our model consists of two G-actin monomers, 
which can improve the computational efficiency by ignoring the conformational 
details inside each G-actin monomers and the sliding between helical chains in the 
same F-actin. Moreover, as no binding site between G-actin and crosslinker at 
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atomistic level is needed, the complexity of the mechanical properties of cross-
linkage can be simplified in our CG strategy. Based on these simplifications, the 
scale of networks model can be extended to 3D geometry that is up to hundreds of 
nanometres. Moreover, compared to implicit modelling methods (e.g. implicit 
continuum mechanics modelling) that are widely adopted in the mechanical 
modelling of biological material, this explicit granular simulation method also has 
the advantages in solving dynamical responses of soft matters with complex 
microstructures.  
We note that, the stiffness of crosslinkers was putatively set up in this paper to 
understand the mechanical responses of F-actin networks that are induced by 
crosslinker unbinding events under compression. The parameters were generalized 
from experimental findings. [199, 200] The setting of crosslinker in this model was not 
specifically designed for a particular type of crosslinker protein. In fact, there are 
hundreds of crosslinker proteins in F-actin networks (e.g. Arp2/3, filamin, fascin and 
α-actinin), whose mechanical behaviours are different to each other and have 
significant dependency on their surviving environments. Our model only focused on 
the significance of cross-linkage break in the network, the sensitivity of F-actin 
network performance to crosslinker properties is not the focus of this paper. However, 
by specifying the mechanical behaviours of crosslinkers, our generalized model can 
benefit the future study in the effects of crosslinker properties, which can provide the 
insights into the diversity of crosslinker proteins in F-actin cytoskeleton.  
7.3.3 Crosslinker unbinding model 
The mechanical properties of crosslinkers were also simplified as linear elastic 
as introduced, whose constitutive law can be found in Fig. 7-9. As the transient 
unbinding of crosslinker is a result of mechanical loading,[196] the crosslinker 
unbinding mechanism in this model was developed based on the rupture strength of 
crosslinker element, which was reported to be at the scale of hundreds of pico-
Newton.[199-201] In this crosslinker rupture model, once the force applied on the 
crosslinker exceeds 500pN, the crosslinker will unbind from the F-actin. However, 
mechanical testings on the critical unbinding force and the constitutive relationship 
of crosslinker protein are still limited and it is also arguable whether the unbinding or 
unfolding of actin binding protein is the dominating factor of crosslinker 
failure.[199] Therefore, the unbinding mechanism cannot fully account the above-
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mentioned biological factors mathematically. In this model, the mechanical 
parameters were straight forwardly set up based on the statistical result of both 
crosslinker unbinding and unfolding forces.[199, 200] However, our mechanics 
based crosslinker unbinding model of crosslinker unbinding is capable to represent 
the molecular rupture behaviours happening in F-actin networks. With advanced 
molecular manipulator in future, specific characterization of the aforementioned 
mechanical parameters of crosslinker proteins can be obtained to provide more 
convincing quantification of the crosslinker unbinding mechanism in remodelling of 
F-actin networks. 
 
Fig.  7-9. Deformation controlled crosslinker unbinding mechanism. 
7.3.4 Simulation set up 
Each simulation started with a geometry optimization and 0.5 micro-second 
relaxation of the simulation system was performed sequentially in canonical (NVT) 
ensemble to get a dynamically equilibrated molecular configuration for mechanical 
loading simulation. The temperature was maintained at 310K by using Langevin 
dynamics,[150] which can implicitly consider the friction from the liquid 
environment as introduced. The time step in the simulation is 0.1ps. The profile of 
potential energy during system relaxation is given in Fig. 7-10. The potential energy 
is saturated after the system relaxation of 0.5µs. It should be noted that, incomplete 
relaxation of simulation system could also result in stress dissipation during the 
modelling of mechanical deformation, which is a numerical phenomenon instead of a 
physical property of material. Therefore, a system relaxation in a sufficient duration 
is necessary for a stable modelling that can exclude numerical effects in the 
characterization. As indicated in Fig. 7-10, for this case, the minimum relaxation 
duration should be no less than 0.4 µs in this model. 
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Fig.  7-10. Potential energy of the modelling system during system relaxation 
The strain rates in the model can directly affect the simulation results and will 
be discussed in details in the following sections. The molecular simulation was 
performed with Large-scale Atomic/Molecular Massively Parallel Simulator 
(Lammps)[149] and all atomic visualizations were conducted by Visual Molecular 
Dynamics (VMD).[169] Each simulation would take 4 to 24 hours on 8 processers 
(1472x E5-2670@2.66(GHz) 64 bit Intel Xeon processor cores). 
7.3.5 Crosslinker Unbinding Effects 
In order to directly validate the effects of crosslinker unbinding, the 
configuration of the aforementioned F-actin CSK after 3µs relaxation is provided in 
Fig. 7-11. The loading rate in this case is 0.2/µs. 
 
Fig.  7-11. Illustration of the crosslinker unbinding effects. Green bonds denotes the crosslinkers that 
are not unbinding from the network. The green transparent bond denotes the crosslinkers that are 
unbinding from the network.  
It can be found that with the help of crosslinker unbinding, the network 
structure is more flexible to deform under specific large compressions. This 
structural flexibility is positive for F-actin CSK to get adapted to the living 
environments.  
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8.1 ABSTRACT AND KEYWORDS  
Rheological property of F-actin cytoskeleton is significant to the restructuring of 
cytoskeleton under a variety of cell activities. This study numerically validates the 
rheological property of F-actin cytoskeleton is not only a result of kinetic energy 
dissipation of F-actin, but also greatly depends on the configuration remodeling of 
networks structure. Both filament geometry and crosslinker properties can affect the 
remodeling of F-actin cytoskeleton. The crosslinker unbinding is found to dissipate 
energy and induce prominent stress relaxation in the F-actin adjacent to cross-
linkages. Coupled with F-actin elasticity, the energy dissipation and stress relaxation 
are more significant in bundled F-actin networks than in single F-actin networks. 
Keywords: F-actin networks, Crosslinker, Energy dissipation, Mechanics 
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8.2 INTRODUCTION 
One of the most important characteristics of living eukaryotic cells is that they 
can adapt their mechanical properties at multiple timescales to best respond to 
external stimuli [8, 163]. Such changes of cellular mechanical properties are 
underpinned by the mechanobiological response of the cell cytoskeleton, a complex 
network consisting of thick (microtubule), intermediate (intermediate filament) and 
thin (F-actin) biological filaments. Among these cytoskeleton components, actin has 
been identified to serve a critical role in the mechanical responses of living cells 
[196, 212]. The mechanical toughness of living cells is collectively fulfilled by the 
high tensile stiffness of single F-actin which is typically at the GPa scale [53], and 
the rheological properties of actin gels which maintain the flexibility of living cells at 
long timescales [68]. This adaptability of cells with respect to timescale is achieved 
by complex mechanosensing rearrangements of F-actin cytoskeleton, which is a 
composite network with constantly changing chemical components. Various 
functional and structural proteins work in conjunction to archive the phase change of 
cells under physical forces, which is significant to their self-protective properties in 
chemical environments. 
The underlying structural rearrangements in living cells can be promptly 
accelerated once the cells are exposed to physical forces. Subsequent cell relaxation 
would result in a significant phase change [18] in which the local stress relaxation of 
cellular structure plays critical roles. This cryptic physiological phenomenon is 
known to depend on the remodeling properties of F-actin cytoskeleton. Dynamically 
synthesized by cytoplasm [69], the F-actin in living cells has multiple states varying 
from single filaments to filament bundles [68]. It has been demonstrated that, in 
bundled F-actin networks, the potential energy slowly dissipates with the structural 
remodeling of the networks [171]. Compared with single F-actin networks, the F-
actin bundle networks feature enhanced stiffness and strength, both favored for living 
cells to resist transient mechanical deformation.  
As well known, one of the most typical characteristics of tumor cells is their 
different mechanical stiffness compared with the normal ones [1, 213]. These 
mechanical properties change can reflect the health of living cells. It is crucial for a 
living cell to mediate its stiffness and releasing the deformation energy induced by 
mechanical inputs. A previous experiment treated isotropically crosslinked actin 
 Chapter 6: Mechanobiological Energy Dissipation in F-actin CSK (Paper 6) 137 
networks with glutaraldehyde to fix the binding interaction between actin and heavy 
meromyosin, and discovered that the critical ability of energy dissipation was 
significantly diminished [214]. Crosslinker unbinding events were therefore 
proposed to be responsible for the temporal, spontaneous stress relaxation in bundled 
F-actin networks. Despite the progress in the observation of actin networks 
remodeling at microscale [171], the resolution of in-situ experiments is still limited 
to directly characterize the molecular events happening during the structural 
remodeling of F-actin networks. To improve the understandings of the important 
dissipative properties of F-actin networks, a granular modelling strategy is developed 
to explicitly track the dynamical behaviors of F-actin networks in association with 
crosslinkers. This granular modelling strategy has been adopted to study the 
compression of F-actin CSK and explained the significance of transient crosslinker 
failure to the mechanical deformation properties of CSK [215]. However, the 
temporal scale in this granular model is limited by today’s computer power and it is 
impossible to fully track the physiological process of CSK remodeling, which 
happens at the time scale of hours. In this paper, we putatively fixed the crosslinkers 
in CSK to achieve relatively stable configuration and then suddenly allow the 
crosslinkers to fail. The transient remodeling of networks is caused by the sudden 
crosslinker failure. The potential energy evaluations are quantified with respects to 
filament thickness to understand the contribution of fiber properties in the networks. 
8.3 MODEL 
In the present investigation, we have developed an actin networks with 
isotropic configuration of F-actin network. This is similar to the experimental 
characterization by Lieleg, et al [171], in which F-actin bundles are isotropically 
oriented (Fig. 1). A prescribed shear strain γ, ranging from 0.05 to 0.2, is applied to 
the 4μm×4µm network to mimic the boundary constraints in rheology measurements. 
Assuming the line elements in Fig. 1 to be single F-actin filaments or F-actin bundles 
generates two models, i.e. a single F-actin network model and a bundled F-actin 
network model. The F-actin bundle in this study is considered to have 10 parallel 
single filaments, which is a fair assumption based on both experimental and 
theoretical studies [185, 187]. It needs to be noted that, the filament length in this 
network model is not strictly controlled and the length ranges from a few hundreds 
nanometer to 4 micrometer. In the granular modeling, every two adjacent G-actin 
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monomers in a single filament are merged and simplified as one bead. The same 
model is also employed for modelling the bundled F-actin, where the harmonic 
elasticity is increased by 10 times to reflect the enlarged cross-section. It should be 
noted that, there are also crosslinker inside each F-actin bundle. However, due to the 
computational cost, the effects of bundle state are implicitly presented by the 
mechanical parameters changes. From the viewpoint of mechanics, the internal 
crosslinkers are of less chance to fail comparing to those crosslinkers connecting 
different F-actin bundles, as stress intensity usually happens near the connection. As 
a result, these crosslinkers are assumed to be fixed in the process of deformation to 
simplify the calculation. The timescale resolution is controlled as 0.1ps to fully 
extract the trajectory of macromolecules. More details about the model and 
simulation parameters can be found in supplementary material. 
 
Fig.  8-1 Shear deformation of the F-actin network in modelling 
During the simulations, crosslinkers are allowed to form when any two G-actin 
clusters (from different filaments) are separated less than 20nm. The transient 
crosslinker unbinding takes place when the force on the cross-linkage exceeds a 
threshold of σult. We have designed different modellings considering this ultimate 
force as constant, Gaussian distribution and uniform distribution. It has been found 
that, the stochasticity has effects on the mechanical performance of cytoskeleton 
(CSK). However, the difference between uniform distribution and Gauss distribution 
is not significant. Hence, this ultimate strength is assumed to follow Gauss 
distribution of )10,180(~ Nultσ in this paper, which is at the level of many 
experimental findings such as α-actinin unfolding[210] and filamin unbinding [199, 
200]. The comparison between different strength distributions can be found in the 
supplementary material (Figs. S3 and S4). 
The sheared F-actin networks are first relaxed by geometric optimization and 
20μs granular dynamics simulations (temperature of 300K) in which the crosslinkers 
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are not allowed to fail. This 20μs system relaxation is just numerical relaxation for us 
to obtain a relatively stable molecular configuration of actin networks that can be 
used for later dynamics simulation. After the system relaxation, network models are 
differently treated regarding crosslinker conditions and these dynamics simulations 
last for another one micro-seconds to study the evolution of stress and energy with 
respects to different cross-linkage conditions. For the purpose of comparison, two 
cases are considered for each of the modelled F-actin networks. In the first case, the 
crosslinkers are allowed to form and break when the corresponding criteria be 
satisfied, which mimics the real physical processes. In the second case, crosslinkers 
are not allowed to fail from the network, which simulates F-actin networks treated 
with glutaraldehyded [171]. The impact of crosslinker failure can be then reflected 
by the difference of those dissipation curves due to different crosslinker treatments. It 
should be noted that, even 20μs takes long computation time to accomplish, it is still 
not long enough for a fully system relaxation of this nature event. Slight energy 
dissipation still happens after the 20μs relaxation, as is provided in supplementary 
material (Figs. S2). However, we only focus on the difference between these curves 
to understand the significance of crosslinker dynamics in the stress relaxation of F-
actin CSK. 
The micro-second level simulations performed in this study are enabled by the 
highly coarse-grained granular modeling of the F-actin networks. The large timescale 
is very important for capturing time-dependent material properties such as stress 
relaxation. Moreover, by not allowing the crosslinkers to fail during the relaxation, 
we exclude the loading-rate effect so the present computational study can mimic the 
quasi-static loading in experiments. 
Results and discussion 
With the aforementioned explicit modelling strategy, we are able to capture the 
potential energy carrying ability of F-actin networks with both detachable and non-
detachable crosslinkers. According to conventional thermostat theory, the kinetic 
energy only have dependency on the temperature, therefore, only potential energy of 
the network is tracked in this study to understand the energy evolution in time 
domain. Bundled F-actin networks and single F-actin networks have been 
independently studied to investigate the effects of filament thickness on the 
dissipative properties of F-actin networks. The profiles of potential energy in 
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different modeling scenarios are provided in Fig. 2. All values are normalized by the 
initial potential energy before stress relaxation. The normalized potential energy 
serves as a quantitative characterization of the energy dissipation in the network. 
 
Fig.  8-2 The energy dissipation in F-actin networks under different deformation conditions. (a) to (d) 
relatively represent the situation of shear strain (γ) from 0.05 to 0.2. In all these sub-figures: red solid 
square denotes bundled F-actin networks with non-detachable crosslinkers; red open square is the 
bundled F-actin networks with detachable crosslinkers; blue solid triangle is single F-actin networks 
with non-detachable crosslinkers; blue open triangle is single F-actin networks with detachable 
crosslinkers.  
From the modelling results, neither bundled nor single F-actin networks show 
significant energy dissipation when crosslinker unbinding is putatively prohibited. 
The dissipation of deformation energy in F-actin networks is the reflection of cellular 
remodeling. This inconspicuous change of energy indicates that networks with rigid 
crosslinkers are insufficient to release the stress caused by mechanical inputs. 
However, when crosslinkers are allowed to unbind, the energy dissipation rate can be 
3-8 times higher, leading to about 10% energy dissipation in 1µs. We note that, the 
energy dissipation mainly happens on F-actin filaments or bundles, not on the 
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crosslinkers. For example in the simulation of single filament networks under shear 
strain of 0.1, the energy dissipation in the 1µs simulation is 5601.88 kcal/mol. 
However, the change of potential energy stored in crosslinkers is only 94.49 
kcal/mol. Therefore, the energy dissipation is more related to the structural 
rearrangement of CSK networks, instead of the direct loss of potential energy in the 
crosslinkers. 
In the whole shear strain range (γ=0.05~0.2), bundled F-actin networks exhibit 
higher energy dissipation compared to the networks of single filaments. The rate of 
energy dissipation has proportional dependency on the shear deformation. The more 
F-actin network deforms, the more deformation energy will be released by the 
material in unit duration. However, the rate of energy dissipation in single F-actin 
networks would approach bundled F-actin networks with the increase of shear 
deformation. We have independently extracted the potential energy carried by F-
actin and crosslinkers to further explain these specific characteristics of F-actin 
cytoskeleton. The separated potential energy is also normalized with respects to the 
initial energy state for the purpose of comparison, as shown in Fig. 3. Without loss of 
generality, we only tracked the energy profiles for the case with a shear strain of 
0.05.  
 
Fig. 8-1 The energy separation for F-actin and crosslinkers when γ=0.05. (a) represents a network with 
bundled F-actin; (b) represent a network of single filaments. In all sub-figures: red, solid square and 
red open square respectively denotes the energy carried by F-actin and crosslinkers on a network with 
non-detachable crosslinkers; blue, solid and open triangle respectively denotes the energy carried by 
F-actin and crosslinker on a network with detachable crosslinkers. 
Neither of the deformation energy carried by F-actin or crosslinker shows 
significant energy dissipation phenomenon when the crosslinker unbinding events 
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are prohibited, which is consistent with conclusions from the energy profiles in Fig. 
2. For bundled F-actin network, the potential energy carried by crosslinker reduces 
promptly after crosslinkers are allowed to fail in the network. This energy deduction 
physically illustrates that the crosslinkers are unbinding from F-actin. As the 
mechanical constrains (cross-linkage) in the network structure are removed due to 
the unbinding events, the network is more flexible to self-remodel and release the 
concentrated deformation energy stored near F-actin cross-linkage. Compared to 
networks with detachable crosslinker, the network with non-detachable crosslinkers 
lacks this flexibility to remodel its structure in response to external mechanical 
signals. 
When the network is structured by single filaments, the potential energy carried 
by crosslinkers also has a chance to be released. However, due to the low stiffness of 
the element in single F-actin networks, the stress-level at cross-linkage would not be 
as significant as that in bundled F-actin networks. The lower stress-level promises 
that the deflection of filaments on the network would be flexible and not as sensitive 
to limited deformation as bundled F-actin networks. Correspondingly, the 
crosslinkers still reserve the possibility to rebind on actin after temporary unbinding, 
which is the reason of the increasing zigzag energy profile of crosslinkers. However, 
with the increase of deformation, the stress–level would be amplified at the cross-
linkage, making the unbinding events of crosslinkers more irreversible and the 
energy releasing behaviors of single F-actin networks would approach that of 
bundled F-actin networks. When the strain is large (γ=0.2), the deformation energy 
carried by crosslinkers in single F-actin networks also present monotonous 
downtrend, instead of the zigzag profile when the strain is small (γ=0.05 or γ=0.1). 
This also explains why the energy dissipation rate of single F-actin networks can 
approach the performance of bundled F-actin networks with the increase of shear 
strain is (Fig. 2(d)). The result of energy separation of F-actin and crosslinkers under 
large strain conditions (γ=0.15~0.2) is consistent with our conclusions (see 
supplementary material, Fig. S5-S6).  
The potential energy distribution at a local cross-linkage in the network is 
extracted to illustrate the energy dissipation process in bundled F-actin networks with 
different cross-linking conditions, as shown in Fig. 4. After the crosslinkers are 
allowed to fail in the F-actin CSK, the potential energy will be efficiently released at 
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the cross-linkage, which provides favorable conditions for living cells to perform 
flexible with respect to saturated mechanical inputs. Note that, there is still some 
residual potential energy at the cross-linkage, which is stored by the deformation of 
actin filaments and cannot be released immediately after the crosslinker breaks. 
However, without the constraints of crosslinkers, the F-actin network can gradually 
release this residual potential energy in longer duration by restructuring the cellular 
structures. This slow dynamics is caused by the time dependent behaviors of 
macromolecules and can take up to a few hours [171]. As introduced, this granular 
modelling strategy still keeps the high frequency oscillation of particles due to 
temperature ( 23 TkE Bk = , Ek is the kinetic energy, kB is the Boltzmann constant and 
T is the absolute temperature), which weakens the ability of long-term prediction 
from the viewpoint of integration algorithm [159]. On the other hand, from physics, 
only thermal dynamic diffusion is usually insufficient for the network to overcome 
the barriers on energy landscape [171], living cells still need non-thermal origin of 
energy (such as ATP dependent protein conformational changes) to overcome the 
energy barriers during the phase change [18], which further limits the ability of long-
term prediction of the granular modeling strategy in this letter. Therefore, we only 
track the transient changes of F-actin networks that are induced by transient 
crosslinker unbinding events instead of the long-term spontaneous responses. The 
degree of energy dissipation in single F-actin networks is not as significant as 
bundled F-actin networks. Please refer to Fig. S7 for further information of the 
energy distribution in single F-actin networks before and after crosslinker unbinding happens. 
 
Fig. 8-2 The contour of energy distribution in bundled F-actin networks under the circumstance of 
γ=0.05. The energy unit for this contour is kCal/mol. 
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Moreover, in order to investigate the effects of crosslinker strength, another 
group of modeling scenarios is designed in which the rupture force of crosslinkers is 
decreased to 100pN from the aforementioned limit of 180pN. The energy dissipation 
processes are still tracked under different strain conditions. Herein, we only provide 
the result of small deformation condition as an illustration, which has been shown in 
Fig. 5. The energy dissipation efficiency of single F-actin networks is increased 
when the fracture limit of crosslinkers is decreased. However, this change of rupture 
limit of crosslinker has no significant effects on the behaviors of bundled F-actin 
networks. This is because the stress-levels are different between bundled F-actin 
networks and single F-actin networks. Bundle F-actin networks exhibits less 
sensitivity to the crosslinker strength as the stress–level at cross-linkage is usually 
sufficient to break even tougher crosslinkers. However, for single F-actin networks, 
the stress-level could be lower than the critical rupture force. Therefore, the 
unbinding events can more easily happen with the decrease of crosslinker strength in 
single F-actin networks. It is therefore arguable that, the rate of energy dissipation in 
F-actin networks depends not only on the absolute value of crosslinker rupture force, 
but also on the hierarchical structures of actin filament in the network. It can be 
concluded that, for single F-actin network, the dependency of energy dissipation 
ability on crosslinker strength would be weakened with the increase of shear strain 
(i.e. γ=0.15~0.2). This can be validated by modelling results under large strain 
conditions (see Figs. S8-S9 ). 
 
Fig. 8-3 The energy dissipation profile for both bundled and single F-actin networks when the 
crosslinker ultimate strength is reduced (γ=0.05). The efficiency of energy dissipation in single F-actin 
networks is dramatically changed compared to bundled F-actin networks.  
8.4 CONCLUSION 
In summary, the mechanobiological behaviors of F-actin networks are 
dynamical performances that depend on both intrinsic material behaviors of actin and 
 Chapter 6: Mechanobiological Energy Dissipation in F-actin CSK (Paper 6) 145 
the physiological behaviors of various functional actin binding proteins. By using 
granular simulation technique, we have designed a highly coarse-grained model to 
understand the physical mechanisms of energy dissipation in F-actin cytoskeleton. 
Our investigation numerically validates the critical role that crosslinker protein plays 
in the process of phase changes of F-actin cytoskeleton with respect to physical 
forces. According to the numerical analysis, crosslinker protein in the F-actin 
cytoskeleton are dynamically unbinding or rebinding in response to mechanical 
conditions, which sensitively mediates the mechanical performances of F-actin 
cytoskeleton. The flexible responses of F-actin cytoskeleton induced by crosslinker 
unbinding events can help living cells to maintain a healthy phase while being 
exposed to constantly changing mechanical signals. This mechanosensing 
characteristic of F-actin cytoskeleton is significant to the mechanical adaptability of 
living cells. 
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8.6 SUPPLEMENTARY MATERIAL 
Supplementary Materials for ‘Mechanobiological Energy Dissipation of F-
actin Networks by Transient Crosslinker Unbinding’. 
8.6.1 Granular model and package used 
The network model in this paper is single layer and the simulations are 
performed with Lammps [149]. The molecular visualization are finished by VMD 
[169] and AtomEye [216]. 
 
Fig.  8-3. Illustration of the single layer F-actin networks. Red dot denotes actin cluster which includes 
two G-actin monomers, and green bond denotes the cross-linkage 
The cross-linkage positions are determined by the distance between actin 
clusters (red dot in Fig. 8-6). In the modelling strategy, single filaments are 
simplified as particle strings that are connected by F-actin crosslinkers, as shown in 
Fig 8-6. The interaction between actin clusters on the same F-actin and the cross-
linkage between neighboring F-actin are both assumed to be harmonic pair potential 
energy: 20 )(2
1 rrkE −= , where k is the energy scale parameter, r and 0r  respectively 
denotes the actual distance and equilibrium distance between actin clusters. For G-
actin clusters in the same F-actin, the stiffness is adopted as 43pN/nm (1μm material) 
[53], and the equivalent distance is 5.6nm. The equilibrium distance for crosslinker is 
20 nm, which is larger than the equilibrium distance between G-actin clusters on the 
same filament. The harmonic stiffness of crosslinkers are adopted as 7pN/m (1μm 
material), which is at the scale of experimental characterization [210]. Langevin 
dynamics algorithm [150] is employed to model the friction from implicit solvent. In 
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the Langevin dynamics algorithm, two terms are added to the force calculation on 
each particle: viscous damping term due to solvent and a randomly bumping term 
due to temperature. The combination of these two terms is 
d
B
d
d dtC
Tmkv
C
mF +−= . 
Where, m is the mass of particle, v is the velocity, kB is the Bozeman constant, T is 
the temperature, dt is the time step and Cd is the damping factor with a time unit. In 
this simulation, Cd is chosen as 1ps. The size of time step in the highly coarse-
grained molecular dynamics modelling is 0.1ps.  
8.6.2 Energy carrying ability of F-actin and crosslinkers under different strains 
The energy carried by F-actin and crosslinker are indecently quantified to track 
the energy flow in the networks. This energy distribution in the networks provides 
good evidence of the physical events related to crosslinker unbinding events. Figure s 
in the Supplementary Material respectively presents the energy profile under the 
strain conditions of γ=0.1 and γ=0.2. 
 
Fig.  8-4. The energy separation for F-actin and crosslinkers when γ=0.1. (a) represents a network with 
bundled F-actin; (b) represent a network of single filaments.  In all sub-figures: red, solid square and 
red open square respectively denotes the energy carried by F-actin and crosslinkers on a network with 
non-detachable crosslinkers; blue, solid and open triangle respectively denotes the energy carried by 
F-actin and crosslinker on a network with detachable crosslinkers. 
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Similar to strain condition γ=0.05, in the case of γ=0.1, the crosslinkers on 
single F-actin networks still reserve possibility to rebind to the F-actin, which can 
constraint the F-actin in remodelling and stops the energy to be released in the 
networks. 
 
Fig.  8-5. The energy separation for F-actin and crosslinkers when γ=0.2. The details about plotting 
are all the same with Fig. 8-7. 
However, when the deformation approaches γ=0.2, the energy carried by 
crosslinkers in single F-actin networks also shows monotonous down trend. This is 
because the deformation of cross-linkage is relatively large and lead to larger stress 
at the cross-linkage. The crosslinkers lost its ability to rebind to the F-actin and the 
relative constraints on F-actin networks is released and the energy can dissipate 
easily.  
8.6.3 Energy concentration on the cross-linkage in the F-actin networks 
We have quantified the energy distribution on the F-actin networks in the 
phases of both bundled and single filaments. It can be found that, the degree of 
energy concentration is more significant on bundled F-actin networks comparing to 
single filament networks. Herein, we provide the energy concentration at a typical 
venue in the networks to support this claim. As the contour of energy distribution of 
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bundled F-actin networks is already provided in the paper, herein, we only provided 
the energy contour of single F-actin networks when γ=0.05.  
For single F-actin networks, the energy concentration also happened at the 
cross-linkage, however, not as significant as bundled F-actin networks. This can 
effectively explain the different mechanical responses of bundled and single F-actin 
networks. 
 
 
Fig.  8-6. The energy contour of single F-actin networks during energy dissipation. The energy unit 
for the contour is kCal/mol. 
8.6.4 The mechanical response when crosslinker binding is weaken 
We have investigated the effects of crosslinker strength by reducing the rupture 
force set up in the model. In the manuscript, it is claimed that, the crosslinker 
strength sensitivity would be reduced by increasing the deformation applied on the 
networks. Herein, we provide the modelling result of loading conditions of γ=0.1 and 
γ=0.2. 
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Fig.  8-7. The stress dissipation profile for both bundled and single F-actin networks when the 
crosslinker ultimate strength is reduced (γ=0.1). The efficiency of energy dissipation in single F-actin 
networks is dramatically changed comparing to bundled F-actin networks. 
Different from the result of when γ=0.05, the energy dissipation efficiency of 
single F-actin networks approaches the bundled F-actin networks when the 
crosslinker strength is reduced.  
 
Fig.  8-8. The stress dissipation profile for both bundled and single F-actin networks when the 
crosslinker ultimate strength is reduced (γ=0.2). The efficiency of energy dissipation in single F-actin 
networks is dramatically changed comparing to bundled F-actin networks. 
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For the case of γ=0.2, the energy dissipation efficiency of single F-actin 
networks is similar to bundled F-actin networks. It is therefore arguable that, it is the 
degree of stress concentration that decides the sensitivity of energy dissipation 
efficacy to crosslinker strength.  
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9.1 ABSTRACT AND KEYWORDS 
A multiscale approach that bridges the biophysics of the actin molecules at 
nanoscale and the biomechanics of actin filament at microscale level is developed 
and used to evaluate the mechanical performances of actin filament bundles. In order 
to investigate the contractile properties of skeletal muscle which is induced by the 
protein motor of myosin, a molecular model is proposed in the prediction of the 
dynamic behaviours of skeletal muscle based on classic sliding filament model. 
Randomly distributed myosin motors are applied on a 2.2μm long sarcomere, whose 
principal components include actin and myosin filaments. It can be found that, the 
more myosin motors on the sarcomere, the faster the sarcomere contracts. The result 
demonstrates that the sarcomere shortening speed cannot increase infinitely by the 
modulation of myosin, thus providing insight into the self-protective properties of 
skeletal muscles. This molecular filament sliding model provides a theoretical way to 
evaluate the properties of skeletal muscles, and contributes to the understandings of 
the molecular mechanisms in the physiological phenomenon of muscular contraction. 
Keywords: Muscular contraction, Sarcomere, Myosin, Actin, Multiscale. 
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9.2 INTRODUCTION 
The contraction of skeletal muscle is due to mechanisms that generate relative 
sliding forces between partially overlapping arrays of actin and myosin filaments 
[217]. The interaction between actin and myosin (motor protein) has been proposed 
to be the driving force for muscular contraction [218-220]. However, this classic 
sliding filament model is inadequate to quantify the mechanical properties of skeletal 
muscles during muscular contraction. In order to understand the mechanisms of 
muscular contraction, the quantification of the contractile force and the stroke size 
caused by myosin motion have been subject of focus for decades [221-223]. The 
contractile force generated by each myosin motor is around 6pN [224] with a stroke 
size up to 30nm [225]. Recently, Gabriella, et al, reported that, the skeletal muscle 
performance is determined by the modulation of myosin motors number, rather than 
the motor force or stroke size [224]. This research extends our understanding of the 
dynamic motion of actin filament bundles in skeletal muscle. Hence, more detailed 
molecular level muscular contraction mechanisms should be studied to facilitate 
further understanding of the role of this physiological phenomenon at the microscale 
level. 
According to the discoveries in complex in-vivo cell mechanics, a better 
understanding of physiological behaviours is necessary as complementary 
knowledge to in-vitro cell biomechanics [62]. Due to the difficulties in the in-vivo 
cell experiments, biophysical models at nanoscale level, based on physical concepts, 
have been proposed to explain the mechanical performance of protein networks in 
living cells. Molecular dynamics (MD) method has been widely adopted to evaluate 
the properties of protein filaments [72, 106]. However, as atomistic molecular 
dynamics simulation is computationally time-consuming, coarse-grained molecular 
dynamics (CGMD) models have been proposed to analyze the biomechanical 
features of protein filaments [121, 122, 226]. The principal components of skeletal 
muscle include thin actin filaments and thick myosin filaments. In the classic sliding 
filament model, actin filaments are the contractile elements while myosin filaments 
providing the driving force for the contraction. A specific CGMD model of actin 
filament based on multiscale investigations of actin molecules interactions is adopted 
in this paper to reveal the mechanical behaviours of skeletal muscle unit: sarcomere. 
The biological functions of myosin motors are simplified as dynamic loads applied to 
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the sarcomere. The sliding interaction between actin filaments and myosin filaments 
are of the same mechanical properties according to experimental findings [224, 225].  
9.3 CGMD MODEL OF ACTIN FILAMENT  
Fig. 9-1(a) shows the ‘Oda 2009’ F-actin model [93] (pdb ID: 2ZWH) which is 
used to investigate the interaction between adjacent actin clusters. The multiscale 
model for actin filament is proposed based on these interactions between neighboring 
actin clusters and the properties of the model are extracted from the results of MD 
simulations, as shown in Fig. 9-1 (b). The ensuring model is used to investigate the 
behaviour of a two-dimensional actin filament bundle, as shown in Fig. 9-1(c). 
 
Fig.  9-1. The multiscale approach for actin filaments. a: Actin cluster which contains two ‘Oda 2009’ 
actin model. b: A single F-actin built from ‘Oda 2009’ actin model following the nature from globular 
actin to filamentous actin [93]. c: Sarcomere model built from actin filament bundles. 
Every two neighbouring actin monomers from different helical chains are 
constituted as one particle for simplification. The equilibrium distance between 
adjacent particles is 5.53nm according to the crystallography of F-actin from X-ray 
diffraction experiments [92, 93]. The MD simulations were performed with 
MARTINI [108, 109] force field instead of full atom MD simulation to save 
computational cost. All molecular simulations are performed on GROMACS [136]. 
The force-displacement relationship for the actin filament is provided in Fig. 9-2.  
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Fig.  9-2. The force-displacement relation between actin clusters from the tensile and compression 
numerical simulations. In the compression region, there is a stiffness transition at 5.51 nm. The 
balance distance for the whole curve is 5.53 nm. In the tension region, there are two stiffness 
transitions respectively at 5.55 nm and 5.56 nm. 
9.4 MOLECULAR SLIDING FILAMENT MODEL 
Electron-microscopy [227] has revealed that, striated skeletal muscle consists 
of a single set of longitudinal filaments that extends continuously through each 
sarcomere. Each sarcomere starts with one Z disk and ends at the next Z disk. Hence, 
our model focuses on only one sarcomere in the continuous skeletal muscle, from 
which the performances of the skeletal muscle is derived. Every sarcomere contains 
an H zone, where there is no actin filaments, leaving only myosin filaments as the 
structural component. Fig. 9-3 shows the structure of a striate sarcomere and the 
mechanism of the sliding filament model for muscular contraction. In the classic 
sliding filament model, the myosin heads (in purple) on myosin filament (in cyan) 
drag the actin filament (in red) towards the H zone, resulting in the shortening of the 
sarcomere.  
 
Fig.  9-3. Diagram of the structure of sarcomere, which contains both thick myosin filament and thin 
actin filament, and the myosin head induced sliding-filament model of sarcomere contraction. For 
convenience of representation, the structure is drawn with only one sarcomere which ends with Z 
disks. The dash-dot circle represents the hypothetical cross section of sarcomere. 
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The interaction between myosin head and actin filament is crucial to the 
understanding of the molecular mechanisms underlying muscular contraction 
according to the classic sliding filament model. Gabriella, etc. reported that, the 
contractile properties of skeletal muscle are determined by the modulation of myosin 
number, rather than the force generated or the stroke size caused by myosin. The 
force generated by each protein motor is approximately 6pN [224] and the stroke size 
is around 6nm. The most recent research provided crystallographic details at 
nanoscale for myosin-actin interaction [228]. The crystallography of rigor actin-
tropomyosin-myosin complex (pdb ID: 4A7F) is provided in Fig. 9-4. The myosin 
heads and actin filament are within the scope of van der waals and Coulomb 
interactions. Complex domain motions only occur in myosin [228], which further 
verifies that it is the myosin head motion which triggers the muscular contraction by 
dragging the actin filament towards H zone in the molecular sliding filament model. 
 
Fig.  9-4. The crystallography of rigor actin-tropomyosin-myosin complex. The purple protein clusters 
represent myosin heads from the myosin filament; the red protein clusters represent a part of the actin 
filament (five actin molecules in this example); the silver protein cluster represents tropomyosin 
filament which is not discussed in our current model.  
It should be noted that, the tropomyosin filament also plays a role in the 
mechanical performance of the actin bundle. However, our model only considers the 
mechanical performances for pure actin filament as tropomyosin does not exist in all 
skeletal muscle[66]. Future study which focuses on the mechanical performances of 
actin filaments with tropomyosin should be conducted to adapt our molecular model 
to the prediction of behaviours of those tropomyosin containing skeletal muscles. 
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Fig.  9-5. Molecular filament sliding model for muscular contraction. The length of this typical 
sarcomere is assumed to be 2.2μm. The myosin motors are uniformly distributed on the sarcomere, 
and 10% of the actin clusters are attached by myosin motors. The distance between neighbouring actin 
clusters is 5.529nm.  
The biophysical properties of the myosin head motion is quite complex as this 
physiological process is related to the chemical environments. In our particle method 
based molecular model, these chemical backgrounds are included by the 
phenomenological mechanical motions, which can be determined experimentally 
[224, 225, 228, 229]. Fig. 9-5 shows the molecular sliding filament model, which is 
based on the aforementioned multiscale investigation of actin filament’s mechanical 
properties and the experimental results of myosin head motions. 
The mechanical and biological performances of sarcomere would vary with the 
sarcomere length, and typical sarcomere is of a length between 1.8μm and 2.3μm 
[218, 230]. In order to study the physiological phenomenon of muscular contraction, 
the length of sarcomere in our model is assumed to be 2.2μm. However, the 
sarcomere length in our model is adjustable according to real problems. The largest 
scale of atomistic actin filament modelling cannot exceed hundreds of nanometres 
due to the enormous computational cost[72]. With this molecular sliding filament 
model, the simulation could be performed at microscale level, while the actin 
filament still follows nanoscale biophysical fundamentals. The attachment rate of 
myosin motors on the filament has dependency on the chemical environments of the 
sarcomere according to experiments [224]. In order to simplify the modelling, 
myosin motors are randomly distributed on the actin bundle in our model. However, 
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this random distribution would result in the uncertainty of the dynamic behaviours of 
sarcomere, and the distribution of myosin motors should be considered during 
modelling. Noting that the chemical nature of the myosin motor distribution is 
complex, we acknowledge that the assumption in our model that myosin motors are 
uniformly distributed on the actin bundle could be a significant idealization. Thus, 
further analysis should be conducted in the future to determine the effect of this 
idealization relative to the physiological responses of this system.  
9.5 CASE STUDY AND DISCUSSION  
In order to validate the adequacy of this molecular sliding filament model, 
different hypothetical cases were studied in this research. As was mentioned before, 
the myosin triggered mechanical motion of actin clusters can be quantified 
experimentally. From a classic myosin head motion study, we can find that a single 
myosin head moves towards the H zone by 5.3nm in 20ms on sarcomere [225]. 
Therefore, in our molecular sliding filament model, we define a constant velocity for 
the actin clusters which are attached by myosin motors besides their thermal dynamic 
motions. This velocity is 0.265nm/ms, which is consistent with earlier findings8. The 
CGMD simulations are performed on LAMMPS [191]. The potential field proposed 
in section 2 is adopted to describe the mechanical performance of actin filament 
bundles. The simulations are taken in microcanonical ensemble (NVE), and the 
temperature is controlled at 303K by using Langevin dynamics [150] algorithm, 
which implicitly incorporates the friction from solvent.  
Five different simulations with 2%, 4%, 6%, 8% and 10% of the actin clusters 
attached by myosin heads respectively are represent cases 1 to 5 (Figs. 9-6 and 9-7). 
The sarcomere shortening speed can be extracted from our molecular sliding filament 
model. Fig. 9-6 shows the sarcomere length change relative to simulation time during 
muscular contraction in the aforementioned sarcomere models. 
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Fig.  9-6. The length of sarcomere with different myosin motor number during muscular contraction. 
 
Fig.  9-7 The shortening speed of sarcomere with different myosin numbers during the muscular 
contraction. 
The shortening speed of sarcomere increases during the muscular contraction 
and becomes reliable after 80µs. It can be seen that the more myosin motors are 
attached to the actin filament bundles, the faster this sarcomere contracts. The speed 
increase for sarcomere from case 4 to case 5 is not as large as the increase from case 
1 to case 2, while the same amount of myosin motors are added to the simulation 
systems. This means that the shortening speed of sarcomere cannot increase 
infinitely by the modulation of myosin motors, which also verifies the self-protective 
properties of skeletal muscle. The skeletal muscle would adjust its contractile 
properties by the modulation of myosin motors, while preventing itself from being 
ruptured due to biological changes. 
It should be noted that future studies can be conducted to understand the roles 
that sliding force and stroke size play in muscular contraction by using this new 
molecular sliding filament model. 
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9.6 CONCLUSION 
In this paper, a new molecular sliding filament model is proposed based on 
classic sliding filament model and multiscale investigation of the mechanical 
properties of actin filaments. The mechanical behaviours of skeletal muscle due to 
the modulation of myosin motors are theoretically analysed with this new model. 
From the above studies, the following conclusions can be drawn: 
• The mechanical properties of actin filaments can be evaluated by multiscale 
analysis from microscopic point of view. 
• A new molecular sliding filament model is proposed to evaluate the 
microscale mechanical properties of skeletal muscle during muscular 
contraction. 
• With this molecular sliding filament model, the relations between the 
modulation of myosin motors and the sarcomere shortening speed can be 
quantified. 
• The shortening speed of sarcomere cannot increase infinitely by the 
modulation of myosin motors, which explains the self-protective properties of 
skeletal muscle. 
In conclusion, this molecular sliding filament model is efficient in predicting 
the dynamic behaviours of sarcomere that is crucial to the understandings of the 
contractile properties of skeletal muscles. This molecular model provides a new 
means of investigating the mechanisms of muscular contraction from the 
microscopic point of view. 
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10.1 ABSTRACT AND KEYWORDS 
The biosafety of carbon nanomaterial needs to be critically evaluated with both 
experimental and theoretical validations before extensive biomedical applications. In 
this letter, we present an analysis of the binding ability of two-dimensional 
monolayer carbon nanomaterial on actin by molecular simulation to understand their 
adhesive characteristics on F-actin cytoskeleton. The modelling results indicate that 
the positively charged carbon nanomaterial has higher binding stability on actin. 
Compared to crystalline graphene, graphene oxide shows higher binding influence on 
actin when carrying positive surface charge. This theoretical investigation provides 
insights into the sensitivity of actin-related cellular activities on carbon nanomaterial. 
Keywords: Actin, Graphene, Graphene oxide, Adhesion 
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10.2 ARTICLE 
Inorganic materials are widely applied in biomedical engineering for tissue 
regeneration and surgical replacement, therefore critical insight into their biosafety is 
required before extensive applications in this area of growing need [231]. Among the 
potential inorganic biomaterials, graphene is a two-dimensional monolayer carbon 
nanomaterial on which carbon atoms are packed into honeycomb lattice that provides 
it with exceptional physical and chemical properties [232]. Graphene oxide (GO) is 
the disordered analogue of crystalline graphene and allows higher interaction with a 
wide range of organic and inorganic materials because of its oxygen-containing 
functional groups [233].  
Various biomedical applications were proposed based on the physical and 
chemical properties of graphene and GO [234]. However, experiments have shown 
that a significant high uptake of graphene nanomaterials by tumour cells occur in 
vivo [235]. GO also exhibits  dose-dependent cytotoxicity on both human and animal 
cells [236]. A recent experiment demonstrated that GO particles can localize on F-
actin networks when living cells are cultured in GO solution [237]. Among the 
various bio-macromolecules, actin is the most abundant structural protein in the 
human body, whose biophysical behaviours can alternate cell cycles by adjusting the 
mechanical behaviours of living cells [163, 174]. Therefore, the adhesion of low 
dimensional carbon nanomaterial on F-actin networks can potentially mediate the 
cellular activities of living cells. It is therefore imperative to understand the adhesive 
characteristics of graphene/GO on actin for the purpose of reliable biomedical 
applications.  
Experimental techniques have been utilized to investigate the micro/nanoscale 
interactions between living organisms and inorganic materials. For example, atomic 
force microscopy has been used to characterize the adhesion between living cells and 
an inorganic substrate [124]. However, the inorganic particles to which in cells attach 
are often nanoscopic in size, thereby rendering it difficult to perform physical or 
experimental characterization involving the micromanipulation of proteins to gain 
quantitative insight. In combination with experimental characterization, molecular 
modelling provides a powerful tool for probing the mechanism of the interaction 
between organic macromolecules and inorganic materials. Systematic molecular 
dynamics (MD) exploration have been conducted to investigate the mechanical 
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properties carbon nanomaterials. The small scale vibrational characteristics of multi-
walled carbon nanotube have been investigate with respect to elastic and thermal 
properties [238, 239]. The failure properties of carbon nanotube and graphene have 
been further explored insightfully [240, 241]. Moreover, the mechanical instability of 
carbon nanomaterials have been studied at nanoscale [242, 243]. Despite these 
numerical explorations of the mechanical behaviours of carbon nanomaterials, their 
adhesive characteristics on biomolecules need further theoretical studies. ab initio 
and MD modelling strategies have been applied to characterize the interaction 
between biomolecules (e.g. protein, amino acids and nuclei acids) and inorganic 
materials (i.e. graphene and hydroxyapatite) [125, 126]. However, the computational 
investigation is very limited in understanding the mechanisms underlying the 
interfacial relationships between actin and an inorganic material, which is important 
for gaining insights of how inorganic biomaterials sensitively mediate cytoskeleton-
related cellular activities in biological environments.  
This letter presents a modelling technique that can assist the study of the 
physics of the interaction between actin and graphene/GO based on MD simulation 
approach. Different charge states of carbon atoms on graphene/GO are studied 
leading to an understanding of the sensitivity of cell adhesion to atomic charge states. 
This molecular level investigation provides insight that can elucidate the nature of 
the physical events occurring at the rigor binding sites between monolayer carbon 
nanomaterial and F-actin cytoskeleton. 
G-actin is the macromolecular monomer of F-actin cytoskeleton that is adopted 
in the  biophysical model presented; where the 2ZWH G-actin model [93] is selected 
as the starting condition in our approach. A square graphene nanomaterial is 
developed with armchair boundaries and an edge length of 18 nm. The general 
simulation model is presented in Fig. 10-1(a); the graphene/GO layer is located 
above the actin and approaches it during simulation/sampling. To start with, 
geometry minimization was performed for each macromolecule’s configuration in 
vacuum to ensure dimensional reliability for the MD simulation. After geometry 
optimization, 100ps relaxation was first performed in canonical (NVT) ensemble by 
using Berendsen method [137], with the temperature maintained at 303 K. 
Subsequently, another 100ps relaxation was performed in isothermal-isobaric (NPT) 
ensemble at a constant pressure of 1atm by using Parinello-Rahman method [167]. A 
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dynamically equilibrated configuration of the molecular system can be obtained for 
later sampling simulations after these relaxation processes. Particle mesh Ewald 
(PME) method is adopted to calculate the coulomb potentials, and the cut off radius 
for van der Waals interaction is 2.0 nm. Umbrella sampling was performed with the 
stable molecular configuration obtained from aforementioned relaxation process. The 
sprint constant for umbrella sampling is 1000 kJ/mol·nm2. The OPLS-AA force field 
[166] was utilized in the MD simulation and implicit solution strategy [244] was 
adopted to limit the computational cost of MD simulations. All MD simulations were 
finished using Gromacs [136], with molecular visualization conducted with VMD 
[169]. The time step for all MD simulations is 2 fs and the modelling time for 
umbrella sampling is 1 ns. We note that the PME in the calculation of coulomb 
potentials significantly increased the computational cost. However, this treatment is 
important to the characterization of long-distance electrostatic interaction that is 
crucial to the phenomenon of biosorption.  
 
Fig.  10-1. Molecular modelling details. (a) General MD simulation model that consists of monolayer 
graphene and single G-actin monomer. (b) Molecular conformation of graphene and GO. Cyan dots 
denote carbon, red dots denote oxygen and silver dots denote hydrogen. 
The non-bonded interaction energy between two sub-groups (graphene and G-actin) 
was extracted from the MD simulation trajectory results. This interaction energy 
denotes weak chemical interactions, which mainly includes van der Waals 
interaction, electrostatic interaction and H-bond interaction. According to the 
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principle of minimum potential energy, molecular configuration with lower 
interaction energy corresponds to higher binding stability in the process of adhesion.  
Oxidization of graphene can result in various functional groups that might change the 
physical properties of monolayer carbon nanomaterial. In order to study how these 
functional groups can change the adhesive characteristics of carbon nanomaterial on 
G-actin, we also designed a molecular structure of monolayer honeycomb carbon 
materials in association with oxygen-containing functional groups (i.e. epoxy, C-OH 
and C-COOH ), as is shown in Fig. 10-1(b). 
The interaction energy profiles between G-actin and graphene/GO are provided in 
Fig. 10-2. When the distance between graphene and G-actin is about 1.41 nm, the 
potential energy is minimum, which indicates the highest binding stability of 
graphene on G-actin. For GO structure, the minimum interaction energy corresponds 
to a distance of 1.55 nm, which is larger than the distance for graphene. This 
difference in distance is arguably due to the additional oxygen-containing functional 
groups on the surface of honeycombed carbon lattice.  
 
Fig.  10-2. Interaction energy between actin and carbon nanomaterials with respect to distance 
between nanomaterial and G-actin 
When approaching the carbon nanomaterial, the additional oxygen containing 
groups would provide van der Waals forces to resist this approaching body. 
Therefore, compared to graphene, the saturated binding energy of GO occurs at a 
further distance from the actin. Therefore, the degree of van der Waals interaction 
from the carbon nanomaterial on the G-actin will be reduced.  
 176 Chapter 10: Interaction between F-actin CSK and graphene (Paper 8) 
According to chemical theories, the adherence characteristic of an inorganic 
material with protein in the biological environment is a function of the interaction 
forces between protein molecules and the surface of the inorganic material. Also the 
electrostatic force plays a critical role in the adhesion between protein and inorganic 
materials[245]. Experimental findings have verified that many biological attachments 
such as cell attachment and drugs binding are pH sensitive [246], as the cellular pH 
value can alter the electrostatic states of protein in biological environments. The 
normal pH value for living cells to survive in the human body is 7.4 and the 
isoelectric point of actin is 4.8 [247], which makes actin usually negatively charged. 
It is presumable that when exposed to positively charged carbon materials, actin 
would present higher absorption ability due to the strong electrostatic interaction.  
Recent experimental findings demonstrate that the surface charge of graphene 
can be mediated by controlling the chemical component of the surrounding organic 
solution [248]. Similarly, GO can be either positively or negatively charged 
according to the chemical conditions [249]. It can therefore be argued that studying 
neutral carbon nanomaterial alone would not produce a full insight on biological 
adhesion. Consequently, we have developed a model that accounts for the influence 
of the charge condition of carbon atoms on biological adhesion. The biological 
environment in human body for living cells to survive is quite complex and can 
therefore lead to different charge states of the carbon atoms in carbon nanomaterials, 
leading to the conclusion that the charge carried by a carbon atom is significant in 
determining  the nature of the contact between  G-actin and graphene/GO substrates. 
Based on the potential charging characteristics, we have considered numerical 
modelling scenarios, in which the charge of each carbon atom ranges from -0.1e to 
+0.1e. The interaction force results for graphene in different charge states are 
provided in Fig. 10-3(a).  
When the graphene is negatively charged, the interaction force between G-
actin and graphene is smaller compared to positively charged nanomaterials, 
indicating that the crystalline graphene is more difficult to be localized on F-actin 
networks (whose principal component is actin), because they are repel the negatively 
charged protein as they approach the surface. For positively charged carbon atoms, 
the graphene shows higher attractive force on G-actin, indicating the propensity for 
higher binding on F-actin cytoskeleton. Similar characteristics have been found in 
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the study of interaction force between F-actin and positively charged lipids 
membrane [250]. 
 
Fig.  10-3. Interaction force between G-actin and graphene/GO relative to carbon atom charge state. In 
both figures, red circle, magenta up triangle, black square, blue down triangle and olive diamond 
respectively denotes the charge states from +0.1e, +0.05e, 0e, -0.05e and -0.1e. Negative force means 
attracting while positive force means repelling.  
The interaction force between GO and G-actin is also extracted for different 
carbon atom charge states and the corresponding interaction force profiles are 
provided in Fig. 10-3(b). Similar to crystalline graphene, positively charged carbon 
material also shows higher binding ability on actin compared to negatively charged 
material. Moreover, the binding stability increases with the positive charge of carbon 
atom, which indicates that, the GO absorption on F-actin cytoskeleton can be 
mediated by changing the charge of atoms on carbon nanomaterial. 
We further compare the interaction forces between actin, graphene and GO 
when their carbon atoms are both positively charged (Fig. 10-4). The larger attractive 
force obtained from the GO model indicates that GO has a larger chance of 
localizing on F-actin cytoskeleton than graphene when the carbon atom equally 
carries positive charge, which is consistent with classic chemical theories [233] and 
experimental findings [237]. The absorption ability increases with the positive charge 
of carbon nanomaterial.  
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Fig.  10-4. Interaction force as a function of the distance between G-actin and positively charged 
GO/graphene 
The molecular configuration of GO binding on actin with lowest interaction 
energy (highest binding stability) is extracted to study the mechanisms of the 
physical interaction between actin and carbon nanomaterial (Fig. 10-5). We have 
tracked only the H-bond and electrostatic interactions subject to the scientific 
knowledge that van der Waals interaction is much weaker than electrostatic bonding, 
and that this bond type is always present regardless of whether or not functional 
groups are involved. Two typical residues (e.g. GLU270 and LYS284) on actin are 
extracted as examples to investigate typical long range interactions. The nitrogen 
atom on GLU270 can potentially form an H-bond with the epoxy on carbon lattice. 
This H-bond interaction can partly contribute to an increase in the interaction force 
of carbon nanomaterial with the help of oxygen containing functional groups. 
Moreover, the electrostatic interaction between actin and GO is significantly 
responsible for the increase in the attraction force. For example, the hydrogen atom 
in protein residues usually carries a positive charge of 0.06~0.3e (i.e. the hydrogen 
atoms in LYS284), which will effectively increase the force of attraction on 
negatively charged carbon atoms. The oxygen atom in a functional group also carries 
a positive charge, which will further increase the interaction force on actin.  
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Fig.  10-5. Physical mechanism of the interaction between GO and actin. Cyan dots denote carbon, red 
dots denote oxygen and silver dots denote hydrogen. 
However, the surface charge of nanomaterial is characterised with uncertainty, 
especially in respect of the oxygen containing functional groups. Therefore, more 
investigation about the charge states of functional groups needs to be conducted in 
future by both experiments and theoretical evaluation to understand the 
biocompability and biosorption ability of functionalized carbon nanomaterial.  
In summary, the interaction between actin and low dimensional carbon 
nanomaterial has been investigated by molecular modelling method to understand the 
adhesive characteristics of monolayer carbon nanomaterial (i.e. graphene and GO) on 
F-actin cytoskeleton. For neutral condition, oxidation on the carbon monolayer can 
slightly decrease the interaction force of monolayer carbon nanomaterial on actin. 
The positive charge of carbon atoms on graphene/GO can significantly improve their 
binding ability on actin, and the binding affinity of carbon nanomaterial is 
proportional to the positive charge it carries. 
The theoretical investigation of interaction mechanisms offers clues that can 
assist in exploring the biosorption and biocompability of carbon nanomaterial. In the 
future, with further developed sub-cellular manipulation techniques, accurate 
characterization of the interaction between graphene/GO and proteins can be 
conducted to better understand the interaction mechanisms. 
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11.1 CONCLUSION  
In this thesis, the biophysical properties of F-actin CSK were systematically 
investigated from the viewpoints of granular modelling across different scales. These 
biophysical properties include the mechanical deformation of F-actin CSK and the 
interaction between F-actin CSK and newly-developed inorganic materials. These 
biophysical modelling results can provide insight into the biological behaviours of 
living cells in different environments and contribute to the bio-safety evaluation of 
newly developed nano-biomaterials for their potential biomedical applications.  
The feasibility of continuum mechanics modelling was evaluated in this study 
of F-actin CSK at first. It can be found that the continuum mechanics models can be 
conditionally used to describe the mechanical properties of F-actin CSK. Based on 
the characteristics of F-actin CSK, a new multiscale approach is developed to 
understand the biomechanics and mechanobiology of F-actin CSK. This method is 
designed under the bottom-up philosophy, from an atomic physics basis to a 
continuum mechanics description. It can provide a bridge between nanoscale 
biophysical and microscale biomechanical events that are occurring in the F-actin 
CSK. This new method can be applied in the analysis of mechanical performances of 
F-actin CSK, which is significant to the cellular responses under external stimuli. As 
a multiscale method, it provides a powerful theoretical tool to study the 
mechanobiology of F-actin CSK. 
A new stochastic thermostat algorithm was proposed to facilitate this new, 
highly coarse-grained (CG) model of F-actin CSK for thermodynamic prediction. 
This newly developed algorithm can efficiently predict the thermodynamic properties 
of microfilament in association to the modelling of mechanical deformation. By 
using this new stochastic thermostat algorithm, computational efficiency can be 
significantly improved. This algorithm also provides an efficient way to investigate 
the biophysical properties of large-scale soft matters with typical hierarchic 
structures. 
By using the newly developed multiscale method, the mechanical responses of 
F-actin CSK have been analysed, such as the mechanical stabilisation of filopodial 
protrusion during cell migration, the compressive responses of F-actin CSK under 
external pressure and the energy dissipation in F-actin CSK induced by structural 
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remodelling. The detailed conclusions of each of the biophysical properties of F-
actin CSK are expanded as following.  
The F-actin crosslinkers (fascin) were proved to be playing significant roles in 
enhancing the mechanical stability of ultra-slender filopodia. The modelling of 
transverse and axial deformation demonstrated that the bending stiffness and 
buckling resistance of ultra-slender filopodial protrusion are strengthened by the 
cross-linkage between single F-actin filaments. The dynamics modelling of a cross-
linked F-actin bundle also proved that crosslinker protein functions to mediate the 
vibration of filopodial protrusion after transient excitation. 
A linear crosslinker unbinding mechanism is implemented to the CG modelling 
strategy in the mechanical characterisation of F-actin CSK. Unbinding events were 
allowed to happen in association to the compressive deformation of F-actin 
networks. We have quantified the compressive response of the F-actin network with 
different mechanical constraints to study the underlying mechanisms. Crosslinkers’ 
unbinding events can sensitively mediate the mechanical response of F-actin 
networks. The networks can be softened in response to deformation due to the 
unbinding of crosslinkers, making F-actin networks more flexible to undergo 
external mechanical stimuli. The compressive stiffness of F-actin networks has 
dependency on the strain rates. A lower strain rate will lead to lower stiffness, which 
is caused by the transmission of internal stress. Deformation energy in F-actin 
networks can be dissipated efficiently with the help of crosslinker unbinding, which 
is significant for living cells to avoid highly stressed states under mechanical 
constraints. Under mechanical deformation, the dynamics of crosslinkers in F-actin 
CSK can associate the remodelling of network structure, which is positive for living 
cells to be self-protective in constantly changing mechanical environments. 
The mechanobiological behaviours of F-actin networks are dynamical 
performances that depend on both intrinsic material behaviours of actin and the 
physiological behaviours of various functional actin binding proteins. By using the 
newly-developed multiscale method, we tried to understand the physical mechanisms 
of energy dissipation in an F-actin cytoskeleton. Our investigation validates the 
critical role that crosslinker protein plays in the process of phase changes of F-actin 
cytoskeleton with respect to physical forces. According to the modelling analysis, 
crosslinker protein in the F-actin cytoskeleton are dynamically unbinding or 
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rebinding in response to mechanical constraints, which sensitively mediates the 
mechanical performances of the F-actin cytoskeleton. The flexible responses of the 
F-actin cytoskeleton, induced by crosslinker unbinding events, can help living cells 
to maintain a healthy phase while being exposed to constantly changing mechanical 
signals. This mechanosensing characteristic of the F-actin cytoskeleton is significant 
to the mechanical adaptability of living cells. 
A new molecular sliding filament model for muscular contraction is developed 
based on a classic sliding filament model and a multiscale investigation of the 
mechanical properties of actin filaments. The mechanical behaviours of skeletal 
muscle due to the modulation of myosin motors are theoretically analysed. The 
mechanical properties of actin filaments can be evaluated by multiscale analysis from 
a microscopic point of view. With this molecular sliding filament model, the 
relations between the modulation of myosin motors and the sarcomere shortening 
speed can be quantified. The shortening speed of sarcomere cannot increase 
infinitely by the modulation of myosin motors, which explains the self-protective 
properties of skeletal muscle. This molecular sliding filament model is efficient in 
predicting the dynamic behaviours of sarcomere that is crucial to the understandings 
of the contractile properties of skeletal muscles. This molecular model provides a 
new means of investigating the mechanisms of muscular contraction from the 
microscopic point of view. 
The interaction between actin and graphene was investigated in this project, 
which is a newly developed functional material. In summary, the interaction between 
actin and graphene/GO has been investigated by a molecular modelling method to 
understand the adhesive characteristics graphene/GO on F-actin cytoskeleton. For 
neutral condition, oxidation on the carbon monolayer can slightly decrease the 
interaction force of monolayer carbon nanomaterial on actin. The positive charge of 
carbon atoms on graphene/GO can significantly improve their binding ability on 
actin, and the binding affinity of carbon nanomaterial is proportional to the positive 
charge it carries. The theoretical investigation of interaction mechanisms offers clues 
that can assist in exploring the biosorption and biocompability of carbon 
nanomaterial. In the future, with further developed sub-cellular manipulation 
techniques, accurate characterisation of the interaction between graphene/GO and 
proteins need to be conducted to better understand the interaction mechanisms. 
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To sum up, we have developed a modelling framework for the biophysics 
modelling of F-actin CSK, based on the multiscale concept to overcome the 
difficulties of physical modelling in conventional continuum mechanics modelling 
and the computational challenges in all-atom molecular dynamics simulation. The 
thermostat algorithm was modified in this method to better predict the 
thermodynamic properties of F-actin CSK. This multiscale method framework has 
been applied to explain various physical mechanisms of F-actin CSK responses to 
external load and materials. 
11.2 LIMITATIONS AND FUTURE WORKS 
Despite the modelling findings of the biophysical properties of F-actin CSK, 
there still exist limitations and knowledge gaps in the physics of F-actin CSK 
behaviors and more work needs to be done in future to improve understanding of the 
biological events happening in F-actin CSK. 
The extension of this research can be mainly divided into two parts: the 
improvement of the multiscale method and the dynamical modelling of F-actin CSK 
polymerisation under mechanical loading. 
The nonlinear interactions between G-actin monomers were not fully presented 
at different loading rates. More detailed characterisations about the rate-dependent 
behaviours of F-actin filaments are needed to provide perdition with higher accuracy. 
In addition, the mechanical behaviours of F-actin have dependency on the chemical 
environments in which living cells survive. Therefore, the rules to adjust the 
modelling parameters with respect to the chemical environment will be the focus of 
future study on this multiscale method.  
Along with the mechanical properties of static F-actin filaments, the dynamic 
polymerisation of F-actin filaments is proved to be significant to the physiological 
behaviours of F-actin CSK. However, our current model cannot predict this 
significant biological activity. The dynamical branching of F-actin CSK has 
dependency on the mechanical inputs according to statistical studies of the 
morphologies of F-actin in the CSK [67, 251]. This indicates that the formation of F-
actin CSK is a natural optimisation of cellular structures with respect to external 
loadings. However, the mechanism is still cryptic to understand. Monte Carlo 
simulation was used to characterise the polymerisation behaviour of F-actin based on 
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statistical analysis [123]. However, more detailed physical laws about the way that F-
actin polymerises under external stimuli should be defined to understand the process 
of cellular optimisation of CSK when the cell is exposed to mechanical loadings. 
These methodology studies can contribute to understand the biological events 
that are happening in F-actin CSK. With further insight into mechanisms of 
physiological behaviours of F-actin CSK, it would be possible to physically control 
the behaviours of functional cells, which will be significant to the physical therapies 
of cell related diseases [1]. 
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